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ABSTRACT 
A new type of corrosion monitor (corrosion coulometer) has been 
developed for use on steel structures. It is designed to incorporate 
corrosion products and air borne contaminants into its system in order to 
simulate actual conditions in a structure. 
The experimental work consisted of testing the performance of the 
monitor at locations on existing steel structures. The monitor, along 
with steel panels, have been installed at six sites; on an A588 weathering 
st~el beam at Lehigh University's Mountaintop Campus, and on selected 
V 
locations on Pennsylvania DOT bridges in Bethlehem and Montoursville, on 
a New Jersey Turnpike Commission bridge near Newark, and on two Michigan 
DOT bridges in Detroit. 
The monitors respond as expected at the Mountaintop Campus, 
reflecting the variable rainfall and variable drying conditions on the 
exposed beam. The monitors do not respond as well at the bridge sites, 
due to the drier sheltered conditions. Although the readings are not as 
high as expected, they do reflect the corrosivity of a given site as 
readings are higher at bridges which show higher plate penetrations. 
Steps were taken to improve the monitor's response to the drier 
conditions found under a bridge. Salt was applied to half the monitors on 
each bridge, with the result that definite readings are being produced. 
These readings are leveling off with time, as expected. New designs are 
currently being evaluated in the laboratory and field. These designs are 
more sensitive to factors promoting condensation. Four of these monitors 
have been installed at one site and are producing definite, consistent 
readings. 
1 
Chapter l -- Introduction 
1.1 Objective 
The objective of this thesis is to determine the applicability of a 
corrosion coulometer for • • appra1s1ng the of • corrosive the nature 
microclimates of steel structures in service. The corrosion coulometer, 
when combined with control, .. active will a more intelligent produce 
structural system. Accurately assessing the condition of structural 
systems and reacting promptly to a deteriorating condition can have a 
major impact on reducing the costs of repairing the infrastructure. 
A corrosion coulometer [White-88], a new monitor for steel 
structures, is designed to incorporate corrosion products and air-borne 
contaminants into its system in order to simulate actual conditions in a 
structure. Evaluation in the laboratory by monitoring successive wet/dry 
cycles and exposure on the roof of a building at Lehigh University for 20 
weeks showed excellent correlations with corrosion of adjacent steel 
panels. Figure 1.1 shows a side view of the corrosion coulorneter as used 
in White's study. The next logical step in continuing the monitor 
evaluation is to expose it to locations on existing steel structures. The 
monitor, along with steel panels, have been installed at six sites; on an 
A588 weathering steel beam outside the ATLSS Laboratory at Lehigh 
University in Bethlehem, Pa., and in strategic locations on Pennsylvania 
DOT bridges in Bethlehem and Montoursville, on a New Jersey Turnpike 
Commission bridge near Newark, and on two Michigan DOT bridges in Detroit. 
Correlation of monitor readings with the mass losses of the adjacent steel 
2 
,.. 
panels is expected to lead to an accurate assessment of the usefulness of 
the corrosion coulometer. 
1.2 Problem Statement 
Deterioration of the nation's infrastructure is a serious concern of 
civil engineers and society alike. "Of 574,000 inventoried highway 
bridges in the United States, 260,000 of them (45%) are classified as 
structurally deficient or functionally obsolete" [FHWA-84,84]. The cost 
to upgrade these bridges to an adequate condition is estimated to be 50 
billion dollars. In reality budgetary constraints limit the amount of 
repairs and needed maintenance that all bridges need now and in the 
future. An inexpensive monitor to assess the damage done by corrosion 
would be useful in mitigating present inspection expenses as well as 
preventing future repair costs. 
Corrosion's effect on structural durability and longevity of bridges 
is now an important issue. Three recent illustrations of corrosion's 
potential damaging impact are the failure of the Mianus River Bridge in 
Connecticut, the temporary closing of the Williamsburg Bridge in New York 
City, and the deicing salt attack of weathering steel bridges in Michigan. 
A vivid example of corrosion at work is the failure of a span of the 
Mianus River Bridge on Route I-95. The bridge is composed of multiple {, 
spans with two longitudinal girders. Crevice corrosion in a structural 
connection led to a fatigue problem, causing the collapse. "Corrosion 
packout in the pin-and-hanger assemblies resulted in partial bearing 
between the pin and hangers. This caused plastic deformation and fatigue 
cracking of the bearing surfaces such that one of the pin-and-hanger 
3 
( 
assemblies of one corner in a span were no longer in contact. Collapse of 
a span of the bridge followed when the remaining hanger was no longer 
supported by the pin which had fractured" [Demers-89]. 
While recent inspections of the Williamsburg Bridge cable conditions 
have lessened concern of cable deterioration due to .corrosion, further 
inspection of the approach structures indicated extensive deterioration 
requiring major repairs or member replacements. Rainwater, roadway salts, 
and debris have been channeled onto the steel below the roadway, creating 
conditions for rapid corrosion. After inspection of 45 percent of the 
structure it was determined 30 steel members needed repair. The bridge 
was therefore temporarily closed to ensure the structural integrity of the 
bridge and to quicken the inspection time. Upon final inspection, 445 out 
of approximately 10,000 steel members needed repair, with 395 of these 
members located on the approach structures. In its final report, the 
Technical Advisory Committee in charge of evaluating the bridge condition 
recommends replacement of the approach structures. The committee states 
that further repair and maintenance would not guarantee safe approaches 
due to the continuing corrosion which causes problem areas which might not 
be noticed. Rehabilitation of the main suspension span and replacement of 
the approach structures is estimated to cost 400 million dollars [WBTAC-
1 
88] . 
Over 2,000 bridges have been built in the United States using 
weathering steel, a high strength, low alloy, corrosion resistant steel. 
When designed properly and used in proper environments, weathering steel 
is an extremely e0conornical option. By naturally forming a protective 
., . 
oxide coating the need for painting is eliminated, reducing future 
4 
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maintenance costs. One recent analysis compares 50 year life cycle costs 
of an A588 weathering steel bridge to the same structure had it been 
_fabricated and painted with nonweathering steel. The bridge, actually 
built of weathering steel, spans 1,223 feet and is located in Lewisburg, 
Pennsylvania. By using weathering steel, total savings are estimated to 
be at least $968,500 [Aulthouse-88]. However, unsuccessful performance 
of weathering steel has occurred due to poor design and/or poor choice of 
location. 
Michigan is one state where weathering steel bridges are performing 
poorly, resulting in the 1980 state ban of weathering steel for future 
bridge structures. According to Tinklenberg, "10 -- out of the state's 
total 600 A588 bridges -- are considered to be in good condition (i.e., 
clearly not requiring maintenance for many years) and to be good and 
proper use of weathering steel" [Tinklenberg-88]. The major cause of the 
problems in Michigan has been the accelerated uniform corrosion due to the 
extensive use of deicing salt on Michigan's roads. 
1.3 The Corrosion Coulometer 
As shown on the Williamsburg Bridge and on weathering steel 
structures in Michigan, the most serious attack by corrosion on steel 
structures is in areas where there is an accumulation of debris, corrosion 
products, and especially salt. The corrosion coulometer is the first 
monitor to take into account contaminants which promote and accelerate 
corrosion. The corrosion coulometer operates as a galvanic cell when wet, 
using a microcoulometer to store the electrical output. The electrical 
output, or the integrated charge, is the reading used to assess the extent 
5 
of corrosion at that particular location on the bridge. The galvanic cell 
consists of a steel screen sitting in a copper cup, connected by an 
external connection containing the microcoulometer. Corrosion products, 
debris, dust, and salts which collect on the bridge superstructure can 
also collect on the steel screen in the monitor. These contaminants 
promote a longer time of wetness of the screen, thus a higher reading. 
The corrosion coulometer is applicable in measuring general 
(uniform) • corrosion. It is not intended for measurement of • crevice 
corrosion nor for use on painted steel structures, although it would have 
been useful on the Williamsburg Bridge in which the paint protecting the 
structure deteriorated and debris collected on bare steel. The recent 
problems occurring with weathering steel structures in Michigan and 
• 
elsewhere have prompted interest in the corrosion coulometer. The 
monitor, utilizing a weathering steel screen in its design, is applicable 
for use on weathering steel bridges. Intended uses of the corrosion 
coulometer are to measure corrosion on bridges as well as to evaluate 
future weathering steel bridge sites. 
1.4 Organization of Thesis 
The interdisciplinary nature of the thesis lends itself to several 
introductory chapters on corrosion and its effects on bridges. Chapter 2 
is a review of corrosion and its various forms. Emphasis will be placed 
on fundamental topics of importance to this thesis. Chapter 3 discusses 
the effects of corrosion on the strength and reliability of steel bridges. 
Chapter 4 describes the design and construction of the corrosion 
{~{ coulometer, the bridge test setup used, and the servicing of the plates. 
6 
' 
In Chapter S results are presented and discussed for all sites. Chapter 
6 closes the thesis with a s11mmary, conclusions, and future 
recommendations. 
. ' 
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Chapter 2 -- corrosion 
2.1 Introduction 
Corrosion is the "destructive attack of a metal by chemical or 
electrochemical reaction with its environment" [Uhlig-BS] . Steel's 
corrosion has received considerable study due to its use as an important 
structural material around the world. The corrosion of steel exposed to 
the atmosphere is co~sidered electrochemical in nature because it involves 
ionization and transfer of electrons. Steel corrodes because iron, its 
primary constituent, is thermodynamically unstable in its metallic form 
relative to corrosion products. Large amounts of energy are used to 
convert iron from its oxidized state to its elemental form. The process 
in which iron naturally changes back to its oxidized state, or state of 
lesser energy, is the corrosion process. 
Thin oxide films are produced on the surface of metals undergoing 
• corrosion. While this oxide film forms a protective barrier on A588 
(weathering) steel, it is nonprotective on A36 steel. Common • iron 
compounds are Fe(OH) 2 , ferrous hydroxide; Fe(OH) 3 , ferric hydroxide; Fe203 , 
iron oxide; Fe304 , magnetite; and FeOOH, ferric oxyhydroxide. The 
composition of a typical oxide layer changes with time. The inti tial 
' 
product is gamma-FeOOH, which converts in time to a mixture of alpha-FeOOH 
I 
and gamma-Fe203 [Leidheiser-82A]. 
All steels contain minor elements such as carbon, manganese, 
silicon, phosphorus, and sulfur. Since small amounts of copper in steel 
greatly reduce its atmospheric corrosion rate, weathering steels were 
8 
developed using copper in addition to small amounts of chromium and nickel 
to provide a steel with superior corrosion resistance. The ASTM 
specification for A588 steels states that the atmospheric corrosion 
resistance of weathering steels is approximately twice that of structural 
~ 
carbon steels with copper. Carbon steels with copper are in turn twice as 
resistant to corrosion as steels without copper (ASTM-88]. Weathering 
steels require alternate wetting and drying in order to develop a 
protective oxide coating. These steels show no particular advantage over 
mild steel when exposed to wet conditions over long periods of time. 
According to Leidheiser, weathering steel's protective mechanism remains 
conjectural. Suggestions made include: copper and nickel form complex 
basic sulfates,which plug the rust pores; copper minimizes the deleterious 
I 
effect of sulfur • 1n the steel; copper aids in the formation of a 
passivating film on the anodic areas; and the colloidal rust particles 
show different electrochemical behaviors in the presence of certain ions 
when wet [Leidheiser-82]. 
This chapter examines corrosion topics relevant to work on this 
thesis. Electrochemical principles of general corrosion will be discussed 
first, followed by sections on galvanic corrosion, • • crevice corrosion, 
atmospheric corrosion, and atmospheric corrosion monitors. 
2.2 General Corrosion 
. 
General or uniform corrosion involves attack of the steel uniformly 
on the surf ace. According to Uhlig, corrosion is an electrochemical 
process which requires the presence of the following: an anode, a 
cathode, an electrolyte (a conductive solution surrounding the metal), an 
9 
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external circuit between the anode and cathode, and oxygen. These 
elements consitute the corrosion cell and are necessary for corrosion to 
take place [Uhlig-85]. 
The electrode at which oxidation takes place and where the metal 
goes into solution is called the anode. Common anodic reactions are: 
Fe ---> Fe+2 + 2e-
Zn 
Actual metal loss occurs at the anode. 
The electrode at which reduction occurs is called the cathode. 
Common cathodic reactions are: 
Cathodic reactions are important because they control the rate at which 
anodic reactions occur by neutralizing the electrons generated at the 
anode. The anodic reactions can only proceed as fast as the cathode can 
accommodate the electrons. 
The electrode potential is a measurement which shows the relative 
tendency of reactions involving ions to occur. An electromotive force 
series lists metals according to their comparative potential, using the 
\ 
'\ 
hydrogen ion-hydrogen gas reaction as a reference point. The potentials 
are listed for metals in contact with its ions at a concentration equal to 
unit activity. A typical electromotive force series is shown in Table 
2.1. Reactions characterized by a negative potential will tend to have 
their equilibrium shifted to the right, while reactions with a positive 
potential will tend to have their equilibrium shifted to the left. 
Therefore, elemental iron in contact with its ions at a concentration 
10 
Table 2.1 Electromotive Force Series [Leidheiaer-82) 
Reaction Standard Electrode Potential 
Li ---> Li+ + e -3.045 volts 
Na ---> Na+ + e -2.71 
Mg ---> Mg+2 + 2e- -2.37 
Al ---> A1+3 + 3e- -1.7 
Ti ---> ri•2 + 2e- -1.63 
Zn ---> zn+2 + 2e- -0.7628 
Cr ---> cr•3 + 3e- -0.74 
Fe ---> Fe+2 + 2e- -0.409 
Cd ---> cd•2 + 2e- -0.4026 
Co ---> co+2 + 2e- -0.28 
,Ni 
---> Ni+2 + 2e- -0.23 
Sn ---> sn+2 + 2e- -0.1364 
Pb ---> Pb+2 + 2e- -0.1263 
Hz - - -> 2H+ + 2e- 0.000 
HzS (aq) ---> s + 2H+ 2e- +0.141 
sn+Z 
- - -> sn+4 2e- +0.15 
Cu - - -> cu+2 + 2e- +0.34 
40H-
- - -> Oz + 2H20 + 4e- +0.401 
21-
---> lz + 2e- +0.535 
HzOz - - -> Oz + 2H+ + 2e- +0.682 
Fe+z 
- - -> Fe+3 + e +0.77 
Pd - - -> Pd+2 + 2e- +0.83 
Pt - - -> Pt+2 + ~- +1.2 
2Hz0 - - -> Oz + 4H+ + 4e- +1.229 
Au ---> Au+3 + 3e- +1.42 
-----------------
-----------------
-----------------
-----------------
------
equal to unit activity tends to convert to its oxidized state. In an 
electrochemical reaction, the more negative half-cell (anode plus 
electrolyte) will be oxidized, and the more positive half-cell (cathode 
plus electrolyte) will be reduced. 
Corrosion on a steel surface due to a drop of water will illustrate 
this point. Due to oxygen availability, the periphery of the droplet 
serves as the cathode, while the center of the droplet becomes the anode. 
l . ii " . 
Figure 2.1 shows the reactions occuring at the anodes and cathodes on a 
steel surface.' 
The electrolyte is the solution which surrounds or covers the steel. 
11 
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A solution of high conductivity, such as seawater, promotes rapid 
corrosion. The external circuit can be the metal itself as when the anode 
and cathode exist on the same metal surface (see Figure 2 .1). The 
external circuit can also be an external connection when there are two 
dissimilar metals present. 
Without oxygen, corrosion of steel at room temperature is a slow 
process. Oxygen acts in the cathodic reactions as described before to 
assist in the neutralization of electrons. Due to its lower potential the 
following electron consuming reaction involving oxygen is more likely to 
occur than the other reaction not involving oxygen. 
02 + 2H20 + 4e- ---> 40H- (Potential - -0.401 volts) 
(Potential - 0.000 volts) 
2.3 Galvanic Corrosion 
When two dissimilar metals are in contact in an electrolyte, as in 
the corrosion coulometer, a galvanic cell is created in which current 
flows from the anode to the cathode. The anode will corrode more than it 
would if exposed alone in the same envirorunent, while the cathode will 
corrode less. Decreasing the relative area of anode to cathode causes the 
rate of anodic corrosion per unit area to increase. 
The degree of galvanic corrosion of two metals depends on their 
) 
relative position in an electromotive force series. The metal whose 
electrode potential is more negative will corrode in comparison to another 
metal whose electrode potential is less negative. Thus, in the case of 
iron and copper, ,, the electromoti've force series given in Table 2 .1 shows 
that iron will become the anode and corrode, with copper becoming the 
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cathode. The further apart the two metals are in the electromotive force 
series, the greater the corrosion will be on the more negative material. 
2.4 Crevice Corrosion 
Crevice corrosion is the formation of localized corrosion cells in 
an area shielded from bold exposure to the environment. It 
• is a 
destructive form of corrosion because it is often hidden from view and its 
effects can be catastrophic when it manifests itself. The occurrence of 
crevice corrosion depends on the geometry of the components and the 
surface condition. Areas on a bridge in which two plates overlap promote 
the formation of crevice corrosion. One such area is shown in Figure 2.2. 
Crevice corrosion originally manifests itself due to oxygen 
deficiencies within the • crevice. 
• 
electrolyte outside the crevice, 
Lacking the oxygen present in the 
the steel inside the crevice forms a 
small anode and corrodes. The area outside the crevice forms a large 
cathode. The anode's small relative size as compared to the cathode 
promotes rapid corrosion. Chloride anions in the crevice promote oxide 
breakdown, and ferrous ions combine with water to form hydrogen 
• ions, 
lowering the pH. The concentration of anions in the crevice, the lower pH 
in the • crevice, and the differential oxygen concentration all promote 
. 
rapid corrosion [Albrecht & Naeemi-84] . 
. ,
Crevice corrosion may start on the surface of a steel due to 
accwnulation of debris, rust scale, or residue. This debris creates a 
moist environment on the surface of the steel, lacking in oxygen as 
compared to the electrolyte on the remaining steel. The steel will go 
into solution under this debris, creating the beginning of a crevice 
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condition [Munger-84] [Kayser-88]. 
2.5 Atmospheric Corrosion 
Atmospheric corrosion of steel, the most visible and widely known 
form of corrosion, is the uniform attack of steel as a result of exposing 
it to the atmosphere. In most instances corrosion of steel only occurs 
when moist conditions are present on the surface. Steels vary 
significantly in their atmospheric corrosion performance, depending on 
both the type of environment and the composition of the steel. Important 
factors governing the corrosion rate of steel include: time of wetness; 
atmospheric sulfur dioxide; salts on the surface; and dust and debris on 
the surface. 
2.5.1 Relative Corrosiveness of Environments 
Atmospheres can be classified as being rural, industrial, or marine 
in nature. An industrial environment is characterized by pollution 
composed mainly of sulfur compounds and nitrogen oxides. 
environments are distinguished by quantities of sea salt. 
Marine 
Rural 
atmospheres are free of pollution, with the only corrosion occurring due 
to moisture and oxygen. Marine and industrial environments are expected 
to show higher rates of corrosion on steel due to the effects of pollution 
and salt. 
ASTM Committee G-1 · exposed carbon steel and • zinc • specimens at 
atmospheric test sites around the world in order to determine the relative 
corrosivity at each site. The exposures were performed over a number of 
years from 1948 to 1955 and again from 1960 to 1964. Table 2. 2 shows t.he .. 4 
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grams lost per 4" by 6" carbon steel panel after 2 years exposure at each 
site. Type of environment is also shown. Test sites in bold are sites 
which are similar in location to test sites used in this corrosion monitor 
project. 
As can be seen from Table 2.2 the classification of environments as 
rural, industrial, and marine can be a misleading description of the 
aggressiveness of the atmosphere towards steel. The weight losses of 
panels in Detroit, Mich., and Bethlehem, Pa. are much lower than panel 
weight losses in other industrial atmospheres in Bayonne, NJ. , and 
Widness, England. Marine locations also show extreme variations. These 
variations occur due to effects of microclimates in the immediate vicinity 
of the test specimens. Nearby smokestacks, prevailing winds, and control 
of industrial plant effluents can cause highly different atmospheres 
[ASTM-68]. Ranking the test sites used in this project based on the ASTM 
data suggests the Detroit, Mich. site has the least aggressive atmosphere 
towards steel, followed by Montoursville, Pa., Bethlehem, Pa., and finally 
the NJTP site in Newark, NJ. Make note that data from Potter County, Pa., 
and State College, Pa. was used to judge the Montoursville, Pa. site. 
Effects of microenvironments on actual steel structures will be discussed 
in Chapter 3. Detroit, Mich., which shows little aggressiveness towards 
steel in the ASTM study, has had a poor history of weathering steel use in 
actual bridge structures. 
Albrecht and Naeemi performed a comprehensive evaluation of all 
recent studies of weathering steel test panels exposed to the atmosphere 
over periods of time. The data reported come from specimens exposed to 
bold atmospheric exposures at an angle of 30 degrees from the horizontal, 
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Table 2.2 Atmospheric Corrosion of 4"x6" Steel Panels 
[ASTM-68] 
Location 
Norman Wells, N.W.T., Canada 
Phoenix, Arizona 
Saskatoon, Sask., Canada 
Esquimalt, Brit. Col., Canada 
Detroit, Mich. 
Fort Amidor Pier, Panama, C.Z. 
Morenci, Mich. 
Ottawa, Ont., Canada 
Potter County, Pa. 
Waterbury, Conn. 
State College, Pa. 
Montreal, P.Q. ,Canada 
Melbourne, Australia 
Halifax, Nova Scotia 
Durham, N.H. 
Middletown, Ohio 
Pittsburgh, Pa. 
Columbus, Ohio 
South Bend, Pa. 
Trail, Brit. Col., ·canada 
Bethlehem, Pa. 
Cleveland, Ohio 
Miraflores, Panama, C.Z. 
London (Battersea), England 
Monroeville, Pa. 
Newark, N.J. 
Manila, Philippine Islands 
Limon Bay, Panama, C.Z. 
Bayonne, N.J. 
East Chicago, Ind. 
Cape Kennedy, 0.5 mile from ocean 
Brazos River, Tex. 
Pilsey Island, England 
London (Stratford), England 
Halifax, Nova Scotia 
Cape Kennedy, 60 yards from 
ocean, 60-ft elevation 
Kure Beach, N.C., 800-ft from ocean 
Cape Kennedy, 60 yards from 
ocean, 30-ft elevation 
Daytona Beach, Fla. 
Widness, England 
Cape Kennedy, 60 yards from ocean 
Dungennes, England 
Point Reyes, Calif. 
Kure Beach N.C., 80-ft from ocean 
Galeta Point Beach, Panama, C.Z. 
16 
Type of 
Environment 
Rural 
Rural 
Rural 
Rural-Marine 
Industrial 
Marine 
Rural 
Urban 
Rural 
Industrial 
Rural 
Urban 
Industrial 
Urban 
Rural 
Semi-Industrial 
Industrial 
Urban 
Semi-Rural 
Industrial 
Industrial 
Industrial 
Marine 
Industrial 
Semi-Industrial 
Industrial 
Marine 
Marine 
2-Year Mass 
~oss(grams} 
0.73 
2.23 
2.77 
6.50 
7.03 
7.10 
9.53 
9.60 
Industrial 
Industrial 
Marine-Industrial 
Industrial-Marine 
Industrial-Marine 
Industrial 
Industrial 
10.00 
11.00 
11.17 
11.44 
12.70 
12.97 
13.30 
14.00 
14.90 
16.00 
16.2 
16.9 
18.3 
19.0 
20.9 
23.0 
23.8 
24.7 
26.2 
30.3 
37.7 
41.1 
42.0 
45.4 
50.0 
54.3 
55.3 
64.0 Marine 
Marine 
Marine 
Marine 
Industrial 
Marine 
Marine 
Marine 
Marine 
Marine 
71.0 
80.2 
144.0 
174.0 
215.0 
238.0 
244.0 
260.0 
336.0 
facing south. The average corrosion penetration per side is calculated 
from the mass lost as follows: 
where: 
C - (K)(W)/(A)(D) 
C - Average corrosion penetration per side, in micro-meters; 
W - Mass loss, in grams; 
A - Total surface area, in square cm; 
D - Density of low alloy steel, equal to 7.85 grams per cubic 
centimeter; 
K - 10000. 
Figures 2.3, 2.4, and 2.5 show data on the corrosion penetration vs. time 
for rural, industrial, and • marine environments. In general, rural 
atmospheres were the least aggressive towards the weathering steels, and 
European test sites show much higher penetration than at the U.S. sites. 
The reason for this appears to be higher levels of sulfur dioxide and 
larger periods of time in which the relative hwnidity was high. However, 
atmospheric data was not available at all sites [Albrecht & Naeemi-84]. 
Test sites in bold under Figures 2. 3 and 2 .4 are of particular 
interest due to their physical proximity to sites used in this project. 
Data from Bethlehem, Pa., Newark and Bayonne, NJ, and Saylorsburg, Pa. (a 
rural site 31 miles north of Bethlehem), can be used to judge this 
project's data from test sites in Bethlehem, ~ewark (NJTP), and 
Montoursville. Data from another paper is available for the Detroit, 
Michigan area. These results will be discussed next. 
Townsend and Zoccola performed a study of the performance of 
weathering steel, carbon steel with copper, and carbon steel without 
copper exposed to bold atmospheric exposure for periods of time. Figures 
2.6, 2.7, and 2.8 show the results of the penetration of these steels to 
atmospheric exposure at Saylorsburg, Bethlehem, and Newark [Townsend & 
Zoccola-80]. The numerical data from Figure 2. 8 is available from a 
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report published by Cosaboom, Mehalchick, and Zoccola. Corrosion 
penetration in mils of an A588 steel for the Newark site is 1.42 mils 
after 1 year, 1.75 mils after 2 years, 2.06 mils after 4 years, and 2.52 
mils after 8 years [Cosaboom-79]. 
Zoccola also performed tests at Detroit, Mich. to investigate the 
reasons for poor weathering steel bridge performance in the area. Data 
from bold atmospherfc exposure of test panels is shown in Table 2.3 for 
two separate tests. Specimens were mounted vertically, horizontally (top 
surface), and horizontally (bottom surface). These results are plotted in 
Figures 2. 9 and 2 . 10 [Zoccola-76]. Data from panels in sheltered 
locations under bridges in Detroit will be discussed in Chapter 3. 
--------------------------------------------------------------------------
Table 2.3 Corrosion Performance of 4"x6" Weathering 
Steel Panels on Rooftop in Detroit, Mich. 
[Zoccola-76] 
Test No. 1 
Position Weathering Loss, mils 
0.5 Year 1 Year 2 Years 4 Years 8.17 Years 
Vertical 
Horizontal (Bottom) 
Horizontal (Top) 
Overall Average 
0.52 
0.76 
0.74 
0.67 
Test No. 2 
Position 
Vertical 
Horizontal (Bottom) 
Horizontal (Top) 
Overall Average 
0.76 
1.18 
1.10 
1.01 
1.33 
2.05 
1.68 
1.69 
1.57 
2.11 
1.85 
1.84 
Weathering Loss, mils 
2.97 Years 7.11 Years 
1.42 
2.01 
1.70 
1.71 
18 
1.61 
2.76 
2.08 
2.15 
i 
1.95 
2.65 
2.29 
2.30 
, · ..... rr·· ···" -w . • , 
2.5.2 Important Variables Governing Atmospheric Corrosion Rates 
2.5.2.l Time of Wetness 
Moisture is essential for the atmospheric corrosion of steel. 
Corrosion occurs only when there is a surface electrolyte on the surface 
of the steel. The concentration of water in air varies considerably and 
it can occur in the various forms of snow, • ice, fog, dew, and rain . 
Relative humidity is the most common measurement of the quantity of 
moisture in the atmosphere. Relative humidity is the ratio of the 
absolute humidity to the saturation value. According to Uhlig, 
appreciable corrosion of a pure metal surface does not occur below a 
relative humidity of 100%. Practically, however, hygroscopic properties 
in the atmosphere and on the steel itself lower the critical relative 
humidity necessary to cause condensation of water on the steel surface 
[Uhlig-85]. The critical relative humidity is not a constant, but is a 
function of the nature of the compounds leading to corrosion. Albrecht and 
Naeemi estimate the critical relative humidity to be 70% in clean air, 50 
to 60% in polluted air, and in marine locations equal to the vapor 
pressure of a saturated solution of the salt in air. This value can be as 
low as 55% if the weathering steel has a loose oxide coating [Albrecht & 
Naeemi - 84] . 
According to Sereda, the term "time of wetness" is that time during 
which a conductive path exists through a m~isture film between a corroding 
metal specimen and a platinum electrode placed in its immediate vicinity 
[Sereda-60]. In reference to steels corroding in the atmosphere, it is 
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the period of time in which the critical relative humidity is exceeded. 
Rain acts to promote corrosion of steels exposed in the atmosphere, but it 
also washes away corrosion promoting contaminants lying on the steel 
surface. According to Munger, corrosion is greatest where rain never 
washes the surface and where salt air and debris can accumulate and afe 
' 
subject to damp, humid conditions [Munger-84]. Therefore, areas of a 
bridge exposed to washing by rain are generally less corrosiove than damp, 
sheltered areas. Service corrosion of bridges will be discussed in 
Chapter 3. 
2.5.2.2 Sulfur Dioxide 
The higher rate of corrosion of steel in industrial atmospheres as 
compared to rural atmospheres is due to the higher concentrations of 
sulfur dioxide in an industrial atmosphere. The burning of coal, oil, and 
gasoline in and around cities produces this sulfur dioxide. Lab- studies 
l 
and atmospheric exposure tests have proved sulfur dioxide's corrosion 
promoting effect. 
Haynie, Upham, and Spence exposed weathering steel to varying levels 
of relative humidity, S02 , N02 , and ozone in a programmed dew/light cycle. 
The best empirical fit of the data showed the • corrosion rate • lS 
proportional to the square root of the sulfur dioxide concentration. 
Corrosion can be determined as follows: 
where 
. .:.·. 
[Haynie- 78] . 
Corr _ { 5. 64(SOz)o.s + e<SS.44 - 31150/RT)} (tw)o.s 
Corr= thickness loss, in micro-meters; 
tw = time of wetness, in years; 
R = gas constant, 1.9872 cal/g-mol; 
T = panel temperature; 
S02 = concentration of S02 , in micro-grams 
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per cubi-c- meter. 
Knotkova exposed Czechoslovak Atmofix 52A steel, a weathering steel 
comparable to U.S. weathering steels, to atmospheres of variable sulfur 
dioxide concentrations. Figure 2.11 shows the effect of increasing sulfur 
dioxide concentration on the corrosion rate of steel [Knotkova-80]. It 
should be noted that not only are atmospheric sulfur dioxide levels lower 
in the U.S. as compared to Czechoslovakia, these levels are also 
decreasing due to more stringent American environmental regulations as 
compared to the past. 
2.5.2.3 Salts & Dusts 
Hygroscopic salts absorb moisture and thus lower the critical 
relative humidity at which steels begin to corrode. Deicing salts also 
cause an aggressive electrolyte. The negatively charged chloride 
• ions 
shift the negative potential 9f the steel to larger negative values. 
Also, when chloride ions are present, the rust coating contains large 
amounts of crystalline nonprotective rust of the form beta-FeOOH 
[Albrecht & Naeemi-84]. Attack of bridges due to extensive use of deicing 
salts will be discussed in Chapter 3. 
Atmospheric dust can also strongly affect the corrosion rate. Dusts 
can act similarly to salts by absorbing and retaining moisture. Tiny 
droplets of water may remain entrapped and lengthen the time of wetness. 
According to Munger, some dusts are capable of absorbing active gases from 
the atmosphere. Coal dusts often accelerate corrosion due to their / 
absorption of S02 and because of their sulfur content. Soots also often 
absorb S02 from stack gases. An active corrosion cell is created when 
these dusts contact steel surfaces [Munger-84]. 
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2.6 Atmospheric Corrosion Monitors 
Atmospheric corrosion is a complicated electrochemical process which 
only occurs upon surface wetting. Common electrical measurements made in 
bulk electrolytes in the lab to study corrosion are not applicable to the 
measurement of atmospheric corrosion due to the limited time that the thin 
electrolyte is present on the surface of the ~metal under study. 
Traditionally atmospheric corrosion has been evaluated by weight loss 
measurements over long periods of • time. Comparisons of different 
materials and different test sites have been made, as discussed previously 
in this chapter. Recent corrosion monitors developed take into account 
corrosion's electrochemical nature to measure time of wetness or actual 
corrosion rates. The corrosion coulometer's design is influenced by these 
corrosion monitors. 
Sereda developed a device which measures the amount of time that 
moisture is present on an exposed metal surface. The device, consisting 
of two platinum foil electrodes mounted on a 4 by 6 inch steel or zinc 
panel, is the first to attempt this moisture measurement on a specimen 
identical to the one on which corrosion is being observed. The device 
/'\ 
-~~sg-,.;·a~\'-a,Ogalvanic cell when wet, with potential measurements made across 
a series of shunt resistances of 1,5, and 100 megohms. Time of wetness is 
arbitrarily defined as the time when the potential, as generated by the 
cell, is greater than 0.1 volts. The platinum and zinc elements' 
performance was more stable than that of the platinum and s~eel elements 
due to the effect of steel's voluminous corosion pro4ucts on the 
sensitivity of the latter device's measurements. This excess scale 
bridged the electrodes with a low-resistance path, i;:.equiring the cleaning 
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of the device every two months for successful operation. It was shown 
that under laboratory conditions the device will detect absorbed films of 
• water corresponding to about 85% relative humidity, and in outdoor 
conditions it was able to detect the presence of surface moisture. 
Interpretations of time of wetness data as related to actual corrosion 
rates appear to be a problem [Sereda-58,59,60]. 
At approximately the same time Tomashov developed a galvanic 
corrosion battery which responded to changes in relative humidity. The 
battery consisted of 15 to 20 cathode plates of copper and an equivalent 
number of iron anode plates, all of a thickness of 0.1 mm, assembled into 
a bundle, separated by insulating plates. The anode plates as well as the 
cathode plates were connected in parallel by leads. These leads were 
connected to a sensitive galvanometer or a recording microammeter. When 
moisture appears on the polished plate edges, galvanic corrosion occurs 
between the copper and • iron, with a resulting current flow. The 
galvanometer registers the total current flow of the battery. Figure 2.12 
of relative humidity. 
J 
shows current at varying levels The highly 
sensitive results show that at higher relative humidities higher currents 
are produced [Tomashov-66]. 
Kucera and others developed a device which is in principle identical 
with that of the galvanic cells used by Tomashov. Each cell consists of 
20 plates (65 by 10 by 0.5 mm) which form a unit encapsulated in epoxy 
• resin. Polycarbonate or teflon foils (0.1mm) separate the plates . 
Overall dimensions of the cell are 80 by 25 by 15 mm with the toal exposed 
electrode area equal to 6.5 cm2 • The galvanic cell consists of ten steel 
plates and ten copper plates, while the electrolytic cell consists of 20 
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plates of the same metal (zinc, steel, or copper). This electrolytic cell 
requires the application of an external electromotive force [Kucera-
74,81,82]. Mansfeld and others also conducted experiments on a cell very 
similar to the one used by Kucera [Mansfeld-76,80,81,82). A simplified 
diagram of the device used by both Kucera and Mansfeld is shown in Figure 
2.13. 
Numerous investigations undertaken by Kucera have shown the 
existence of at least a qualitative relation between the cell current and 
the corrosion rate. This "cell factor" the ratio of the calculated , 
weight loss from the integrated cell current to the real weight loss from 
simultaneously exposed panel, is fairly constant in measurements at one 
site, but depends on the degree of pollution of the atmosphere. Kucera 
reports success in studying the effects of using different alloys in the 
cell, comparative studies of different alloys, and of studies of the 
contents of copper and zinc in runoff from metallic surfaces in building 
structures. 
Mansfeld also performed numerous investigations into the cell 
performance. Increases in cell current were seen when salt particles were 
placed on the cell surface, on increasing S02 concentration at high 
relative humidity, and on thinning of the electrolyte layer. Mansfeld 
shows that the cell currents follow the same trends as weight loss data, 
but exact corrosion rates cannot at present be obtained. The cell 
currents only account for 20% of the corrosion rate, which is a similar 
value obtained for the cell factor by Kucera. Mansfeld attributes this to 
• 
local cell action on individual plates and on uncompensated ohmic drop in 
the electrolyte. 
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Numerous investigations have been undertaken on probes similar in 
principle (if not identical) to those used by Kucera and Mansfeld. Three 
such investigations were performed by Haynie, Agarwala, and Gonzalez 
[Haynie-82, Agarwala-82, Gonzalez-84]. Haynie compared the response of 
Mansfeld's Atmospheric Corrosion Monitors (ACM's) with data from a 
Regional Air Monitoring System. Relative humidity, temperature, wind 
speed, and levels of total sulfur gases were found to be statistically 
significant variables. The ACM' s response was found to be in good 
agreement with relative humidity. Figure 2.14 shows a typical monitor 
response to levels of relative humidity. 
Agarwala use~ galvanic probes to qualitatively measure the severity 
of harsh marine environments. Accelerated cyclic laboratory testing show 
that the probe results agree with ·variations of corrosive agents. The 
copper-steel probe was found to be most responsive to most varieties of 
environments. Gonzalez varied the design by insulating a central foil so 
it would act as a reference electrode. This enabled plotting of 
polarisation curves, representative of the atmospheric • corrosion 
phenomenon. The influence of individual climatic factors on atmospheric 
corrosion can be studied in this manner. 
Lloyd and Manning used a device of different design to study 
corrosion in England. Their device consists of a stack of approximately 
100 steel washers whose change in length upon formation of voluminous 
. 
corrosion products is measured. Studies using this device show good 
reproducibility of the monitors, although the large size of the monitor is 
a disadvantage. The authors attribute the success of the device to the 
fact that each measurement is an average of the response from a hundred 
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separate corroding surfaces [Lloyd & Manning-90). 
Nippon Steel Researchers have used electrochemical principles in a 
different manner to study corrosion of weathering steel. They feel the 
need in monitoring corrosion is to assess the patina condition of 
weathering steel structures. Weathering steels exhibit higher • 10n 
transfer resistance and a lower corrosion rate than plain carbon steels. 
Therefore, the ion transfer resistance is the key measurable parameter. 
A compact instrument has been developed which measures this resistance and 
diagnoses the protective capability of the rust film in the field non-
destructively, rapidly, and simply. The proposed method was successfully 
applied to diagnostic analysis of patina formation on existing weathering 
steel structures [Nippon-87, Kihira-89]. 
2 . 7 S11mmary 
This chapter discussed corrosion information of importance to this 
thesis. Electrochemical principles of general, galvanic, and crevice 
corrosion were presented. It was shown that atmospheric corrosion is the 
destructive attack of a metal by an electrochemical reaction in a thin 
moisture layer on the metal's surface. 
When ideally used, weathering steels develop a tight oxide coating 
which protects the steel against further corrosion. Until this oxide 
coating develops, weathering ~teels show no particular advantage over 
regular steel. Bold atmospheric exposure data of plain carbon steel 
presented in Table 2. 2 suggests Newark, N. J. has the most corrosive 
atmosphere towards steel; followed by Bethlehem, Pa., Montoursville, Pa., 
and Detroit, Mi. Exposure data of weathering steel suggests that 
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weathering steel can perform as intended in United States locations. 
Figures 2.6 through 2.10 show approximately equal performance of 
weathering steel at sites used in this project, with Bethlehem and 
Saylorsburg (rural site used to judge Montoursville) slightly more 
aggressive than Newark and Detroit. Corrosion penetration after 1 year 
under bold exposure can be expected to be 0.75 to 1.5 mils. Corrosion 
penetration under bridge sheltered locations is discussed in Chapter 3. 
A review of attempts to monitor atmospheric corrosion was next 
presented. The corrosion coulometer uses the same galvanic principles of 
these already developed monitors while taking into account the effects of 
debris and salt accumulation on the corrosion of weathering steel. 
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Chapter 3 -- Effect• of corrosion on steel Bridaes 
3.1 Introduction 
Corrosion is a concern of engineers due to its detrimental effect on 
the safety of bridges. Corrosion causes general section loss of 
individual steel members, lowering their strength and stability. 
Corrosion notching of individual members also lowers the fatigue 
resistance of that particular member. The result of excessive corrosion 
is an unsafe bridge. 
When weathering steel is properly used it develops a tight oxide 
coating which acts to retard future corrosion. Bold atmospheric corrosion 
data discussed in Chapter 2 suggests weathering steel is applicable in 
almost all United States locations. However, the use of weathering steel 
in coastal areas where it would come into contact with salt spray is not 
advised. This chapter discusses where and why problems have occurred when 
using weathering steel. Conditions which cause excessive corrosion will 
be presented first, followed by a review of occurrences of excessive 
weathering steel corrosion. Next, data on corrosion penetration versus 
time in sheltered bridge locations will be examined. The last two 
sections will discuss corrosion's effect on strength and on fatigue 
resistance. 
3.2 Conditions Promoting Excessive Corrosion on Weathering Steel Bridges 
Weathering steels develop a protective oxide coating which limits 
ingress of oxygen and water to the steel's surface under the following 
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conditions: 
1. Atmospheric exposure to intermittent wet-dry cycles 
without prolonged wet periods. 
2. Absence of heavy concentrations of corrosive pollutants, 
especially deicing salts. 
3. Washing of the exposed surface by rain water. 
4. Absence of detail geometrics that trap moisture, dirt, or 
debris and hence foster corrosion. 
[Albrecht & Naeemi-84] 
The • maJ or causes of accelerated • corrosion of weathering steel 
bridges have been heavy concentrations of deicing salts and structural 
details which trap this salt or other debris. The American Iron and Steel 
Institute's Task Group on Weathering Steel inspected 49 bridges and found 
that deicing salts are the major contributor to corrosion. Deicing salts 
accumulated on bridges from the following sources: 
1. Water runoff, contaminated with deicing salts, drained 
through leaky seals and open joints or expansion darns. 
2. Tunnel-like conditions (a bridge with low clearance and 
vertical walls on the side) concentrated salt- laden road sprays from 
traffic passing under the bridge. This caused accumulations of water, 
/)J 
dirt, and salt on the superstructure. 
3. Water and deicing salts leaked through cracks in the 
concrete deck. 
4. Salt-laden water runoff drained directly over the bridge 
edge onto the steel superstructure. 
[Fountain-88] 
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Tinklenberg notes that salt contamination occurs mostly due to above 
conditions 1 and 2. Leakage is immediately apparent and only attacks a 
small area, but its attack is concentrated and severe. Spray has a less 
immediate effect but covers more of the bridge. Salt makes the weathering 
steel perform much the same as plain carbon steel. The long term effects 
of spray can equal the effects from leakage. 
until after 6 to 7 years [Tinklenberg-82]. 
Problems do not show up 
Poor design details or unnecessarily complicated details also create 
problems, usually in combination with the salt problem. Complicated 
details can shorten a structure's life due to the following reasons: 
1. They are difficult to fabricate properly and may entrap 
discontinuities. 
2. They are usually fatigue sensitive. 
3. Inspections are more difficult. 
4. They can trap moisture. 
5. They can be expensive. 
Joints require troughs underneath to carry away water and debris. Scupper 
systems often perform poorly due to clogged pipes and flat run drainage 
systems. By eliminating joints and scuppers bridge performance can be 
improved [Nickerson-88]. 
The key in designing corrosion resistant bridges is thus to keep the 
design simple. Open box beams, hidden recesses, overlapping joints, 
rivets, and bolts should be eliminated or minimized. To save steel weight 
bridges were sometimes designed with box beams made with openings in 
locations where strength was not required. The interior of these beams 
were locations where heavy rust, corrosion, and scale built up. Present 
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day design involves mostly steel girder bridges. These steel I-beams also 
pose a problem as dirt, dust, and corrosion products can accumulate on the 
flanges of the structural shapes. Sheltered beams are not washed by rain, 
allowing moisture to be trapped and creating a corrosive poultice 
[Munger-84 J. 
The New Jersey Turnpike Authority has enjoyed success with 
weathering steel bridges. Almost 200 weathering steel bridges have been 
built on a heavily traveled highway in a heavily industrial environment. 
Noel attributes the successful use of weathering steel on New Jersey's 
following of the seven "commandments". These guidelines swnmarize what 
has been discussed in this section. The seven commandments are: 
1. Avoid environments which interfere with a tight protective 
oxide coating. 
2. Avoid retention of water and debris on the steel surface. 
3. Protect steel joints. 
4. Consider the use of continuous spans. 
5. Prevent any surface runoff from the deck to the steel 
below. 
6. Flush bridges at areas which accumulate debris (including 
salt) on a regular basis. 
7. Prevent weathering steel from contact with vegetation, 
masonry, or other materials so that the weathering process can proceed on 
a natural basis [Noel-88]. 
3.3 Examples of Excessive Corrosion of Weathering Steel 
This section reviews literature which examines excessive corrosion 
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problems on weathering steel bridges. The earliest weathering steel 
bridges built in the United States are now 25 years old. Most of the 
2,000 or so bridges have met or exceeded expectations, but some have 
suffered moderate to severe corrosion. 
The deicing salt attack of weathering steel was severe enough to 
lead Michigan in 1980 to ban the future use of weathering steel in 
.. 
bridges. This prompted other states along with Federal agencies to 
examine their bridges and policies. A comprehensive survey compiled by 
Albrecht indicated 43 out of 50 states have weathering steel bridges. 
Thirty-one out of the 43 intend to use it again in the future, including 
some very satisfied users and others who use it selectively. Two states 
are hesitant in using it again, and ten states have stopped using it 
altogether. Six of the ten states (Alabama, Indiana, Iowa, Michigan, 
Mississippi, and West Virginia) who have stopped using weathering steel 
have done so specifically due to corrosion problems encountered in roadway 
deicing salt environments. 
Albrecht classifies bridge microenvirorunents as being in a state of 
medium, high, or very high corrosivity due to their detail ty es, degree 
of maintenance, and severity of the prevailing atmospheric conditions. 
Typical values of corrosion penetration per surface are 0.04 to 0.2 mils 
per year for microenvironments of mediwn corrosivity, 0.2 to 0.4 mils per 
year for microenvironments of high corrosivity, and greater than 0.4 mils 
per year for microenvironments of very high corrosivity 
Naeemi-84] . 
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3.3.1 Exceaaive Corrosion Problems in Michigan 
An investigation into the performance"of>the Eight-Mile Road Bridges 
in Detroit in 1976 revealed that certain portions of the 9.5 year old 
structure were performing poorly. Beams on the low-level service bridges 
above the southbound lanes of the highway were heavily corroded. Heavy 
flaky rust was found on these beams along with road dirt and salts. The 
heavy accumulation of deposits at this particular location is due to the 
tunnel- like conditions in existence. High retaining walls along the 
shoulders along with a low 14.5 foot clearance intensify the air blast 
created by heavy traffic on the highway. It should be noted that major 
portions of the weathering steel bridges at this location did develop the 
expected protective oxide layer. These more open sections allowed greater 
dissipation of salt spray and less salt accwnulation [Zoccola-76]. 
Michigan's harsh winters produce long lasting snows requiring 
extensive use of deicing salts. According to Tinklenberg, the rate of 
continuing corrosion occurring at the lower Eight-Mile Road Structure is 
being encountered on many other Michigan weathering steel structures as 
well. In time these structures will be expected to be in the same poor 
condition as that of the Eight-Mile Road Bridges [Tinklenberg-82]. 
In 1980 Michigan instituted a moratorium on use of A588 steel in the 
unpainted condition throughout the state. Joint seals are being replaced 
and girders are being painted on the bridges in the worst condition. The 
importance of Michigan's actions are realized when taking into account 
that nearly one quarter of the nation's weathering steel bridges are in 
Michigan. 
Kayser visually investigated ten steel bridges in Washtenaw County, 
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Michigan. Three of the ten bridges show minor to moderate corrosion over 
the whole bridge. The remaining seven bridges show heavy to extreme 
corrosion in certain portions of the bridge. Heavy flange corrosion has 
occurred whenever the concrete deck has leaked, and web corrosion 
occurred at leaky abutments at the ends of girders. One bridge shows 
extreme corrosion to the point of penetrations through the web and loss of 
most of the flange [Kayser-88]. 
3.3.2 AISI Study 
An AISI Task Group on Weathering Steel was formed primarily in 
response to Michigan's problems. A total of 49 bridges in Wisconsin, 
Maryland, North Carolina, Illinois, Michigan, and along the New Jersey 
Turnpike were inspected. Of the 49 bridges inspected, 30% showed good 
performance in all areas; 58% showed good overall perfomance with moderate 
corrosion in some areas; and 12% showed good overall performance with 
heavy local corrosion in some areas. Deicing salts were the cause of the 
heaviest corrosion [Fountain-88]. 
3.3.3 Other Excessive Corrosion Problems in the United States 
In a comprehensive study Albrecht documented all occurrences of 
weathering steel problems in the United States. A 1988 Forum on Use of 
Weathering Steel in the Highway Environment also documented some of the 
same problems. 
In California frequent rainfall, fog, and high hwnidity (not salt) 
have caused sever .. e corrosion problems on two of five weathering steel 
bridges in Redwood National Park. A corrosion rate of 2.5 mils per year 
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and per surface exists. 
Of five weathering steel bridges in Iowa, one of them shows flaking 
rust and pitting of steel under leaky expansion joints. Rust samples 
contained chloride contents as high as 0.56%, where 0.20 % is considered 
to be significant. 
Several Ohio weathering steel bridges have performed poorly. County 
Road 37 Bridge has member losses up to 15% along its bottom chord. This 
corrosion is due to prolonged time of wetness and insufficient drying of 
the steel. A multigirder bridge on Brand Road in Franklin County has also 
r 
rapidly corroded. Large sheets of rust on the lower one-third of the web 
and the lower flange of the interior beams are falling off. Prolonged 
moisture is the cause of corrosio~, as the bridge only has an 8-foot 
clearance over a stream. The worst example of corrosion in Ohio is on the 
Howard Road Bridge in Butler County. It was found that corrosion has 
fully penetrated the 0.39 inch thick web of the W18 x 55 beams at several 
locations, with the largest rust hole about 3 inches by 2 inches. The 
average web penetration was 16 mils per year per surface [Albrecht & 
Naeemi-84] . 
Louisiana has experienced some problems with its weathering steel 
bridges located in coastal areas where moisture can remain on a bridge for 
up to half a day. A study has shown that undersides of coastal bridges 
are losing on average 5 to 7 mils per year on each surface. 
outside surfaces, the loss is only 1 mil per year [Dunn-88]. 
On the 
Federal Highway Administration Region 10 comprises Alaska, Idaho, 
Oregon, and Washington. Precipitation in this region varies from 20 
inches to over 200 inches per year. Weathering steel bridges have 
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performed ideally in the dryer parts of the region east of the Cascade 
Mountains. On the other hand, bridges in wetter areas can be expected to 
have flaking rust within 10 years and laminar rust within 15 years. In 
1981, four 9 year old weathering steel bridges in southwest Alaska were 
discovered to have significant corrosion with rust scale and laminar rust 
[Kasza-88]. 
Albrecht reports that the most significant corrosion on these 4 
bridges was found on the top of the bottom flange on the exterior portion 
of the seaward girder. A debris layer 1/4 to 3/8" thick consisting of a 
mixture of dirt and rust scale covered the flange. At one location, a 4 
by 8 by 1/16" thick rust sheet was removed intact from the flange. Steel 
was corroding at an estimated rate of 2 mils per year per surface. The 
poor performance of the weathering steel was due to high annual rainfall 
and humid conditions along Alaska's coast [Albrecht & Naeemi-84]. 
This section has reviewed occurrences of excessive corrosion on 
weathering stel bridges in the United States. Deicing salt accumulation 
caused by leaking joints, cracks in the concrete deck, or by traffic spray 
is the main accelerator of corrosion; although there have been some 
instances of accelerated corrosion due to extensive moisture conditions. 
It must be noted that this section only tells one side of the story. The 
majority of weathering steel bridges erected in the United States have 
performed as expected, developing a tight oxide coating which eliminates 
• 
the costs, disruptions, and environmental problems of painting. 
3.4 Corrosion Penetration Data For Sheltered Locations 
The majority of atmospheric exposure panel tests of weathering steel 
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have been performed under exposure to bold atmospheric conditions. Bold 
exposures are tests performed out in the open, as in the rooftop exposure 
tests in Detroit and New Jersey discussed in Chapter 2. Rain, wind, and 
sunshine act directly on the exposed metals. However, a majority of steel 
in bridges is sheltered from the environment. As discussed previously, 
corrosion is greatest where rain never washes the steel surface and where 
salt accumulates. Therefore, sheltered areas of a bridge should be more 
corroded than areas which are exposed to rain. This section 
• reviews 
sheltered panel exposure tests. Contrary to what is stated above, some 
of the sheltered exposure data shows that sheltered microenvironments are 
less aggressive towards steels. 
McKenzie performed a study in which corrosion penetrations of 
weathering and copper steels were obtained in open exposures as well as 
under bridge decks. Figures 3.1 and 3.2 display results for an industrial 
as well as a marine site. At the industrial site the bridge sheltered 
specimens corroded much less than the open exposure panels, while at the 
marine site the opposite was true. McKenzie attributes the high sheltered 
corrosion data at the marine site to the adverse effect of chlorides under 
sheltered conditions [McKenzie-82]. 
Carter performed a study on weathering steels and other metals 
exposed to bold and sheltered atmospheric conditions. The shelter used is 
a rack specific to his study consisting of a stand under a transparent 
polycarbonate cover. Rain is not permitted to fall on the panels, and hot 
and humid air is prevented from being trapped in the shelter. Results 
show that the corrosion rates for weathering steels and for other metals 
used are lower under the shelter than when boldly exposed. Weathering 
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steels in Ohio had a bold exposure loss of 975 (+ or - 134) mg/dm2 , while 
the sheltered exposure loss was 532 (+ or - 116) mg/dm2 • In North Carolina 
the steels had a loss of 519 (+ or - 19) mg/dm2 under bold exposure, and 
a loss of 278 (+ or - 30) under sheltered exposure. This test shows that 
the lack of washing of atmospheric pollutants experienced by sheltered 
panels does not result in a more damaging environment than that 
experienced by boldly exposed panels [Carter-87). 
Zoccola exposed weathering steel panels in the tunnel-like underpass 
above the southbound lanes at the Eight-Mile Road Bridges in Detroit, 
• 
Michigan. At the same time weathering steel panels were boldly exposed on 
a nearby roof, where the steel panels developed the tight oxide coating 
expected of weathering steels. This open exposure data was listed in
 
Table 2.3 and is plotted in Figures 2.9 and 2.10. On the other hand, the 
sheltered specimens have flaking rust, a high corrosion rate (average of 
1. 23 mils per year), and corrosion increasing with time of exposure. 
Figure 3. 3 displays corrosion penetration curves for these sheltered 
panels, and Table 3.1 lists the corresponding data. Comparison of Figure 
3.3 with Figures 2.9 and 2.10 shows the effects of road dirt and salts on 
the corrosion of sheltered specimens [Zoccola-76]. 
Cosaboom performed a test similar to that of Zoccola in that the 
purpose was to determine the influence of soil and salt deposits, 
industrial and automotive air pollutants, and sheltering on the corrosion 
rate of weathering steels. Panels were exposed for 8 years on t
he 
underside of a Newark, N. J. bridge. The bridge experie.nced no traffic 
underneath for the first 6.5 years. Panels were also exposed on a nearby 
rooftop, whose data was presented in Chapter 2. The results reveal that 
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Table 3.1 Corro1ion Performance of 4"x6" Veathering Steel Panela 
Under an Eight-Mile Road Bridge in Detroit, Mich. 
[Zoccola-76] 
Test No. l 
Position Weathering Loss, mils 
0,5 Year 1 Year 2 Years 4 Years 8,17 Years 
Vertical 
Horizontal(Bottom) 
Horizontal(Top) 
Overall Average 
0.49 
0.53 
0.40 
0.47 
0.85 
0.85 
0.77 
0.82 
1.70 
1.60 
2.12 
1.81 
3.00 
3.70 
4.43 
3.71 
Test No. 2 
Position 
Vertical 
Horizontal(Bottom) 
Horizontal(Top) 
Overall Average 
Weathering Loss, mils 
2.92 Years 7.00 Years 
2.04 
2.41 
2.62 
2.35 
5.83 
8.26 
9.56 
7.88 
9.11 
9.04 
11.47 
9.87 
--------------------------------------------------------------------------
roof specimens show about two-thirds as much corrosion penetration as the 
bridge mounted specimens. Figure 3. 4 displays corrosion penetration 
curves for plain carbon steel and A-242 steel (a type of weathering steel) 
at varying locations in Newark, N.J. Table 3.2 lists the corresponding 
data. A-242 steels have slightly better corrosion resistance than A588 
steels at Newark (Cosaboom-79]. 
--------------------------------------------------------------------------
Table 3.2 Corrosion Performance of 4''x6'' Horizontal Steel Panels at 
Varying Locations in Newark, N.J. [Cosaboom-79] 
Location Weathering Loss, mils 
1 Year 2 Years 4 Years 6.5 Years 8 Years 
Roof - Open Exposure 1.30 1.52 1.72 1.99 2.05 
Bridge - Ll Facia 1.15 1.72 2.40 2.93 3.19 
Bridge - L2 Sheltered 1.00 1.56 2.28 2.99 3.31 
Bridge - L3 0.94 1.49 2.30 2.94 3.26 
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This section reviewed data of atmospheric exposure tests of 
• 
sheltered panels. Contradictory results were produced in that some data 
showed less corrosion penetration for the sheltered panels as compared to 
open exposure panels. It appears that as the level of salts or debris 
increases, the worse the sheltered weathering steel panels perform. 
Carter's study in which panels were ideally sheltered with no possible 
contamination by chlorides showed that sheltered panels performed better 
than boldly exposed panels. McKenzie noted that the reason sheltered 
panels performed worse at the marine location was due to the action of 
marine salts. The New Jersey and Detroit data illustrate the extreme 
problems which can occur due to sheltering; with the New Jersey sheltered 
panels faring better (after 8 years) than those of Detroit possibly due to 
the fact no traffic passed under the New Jersey panels the first 6.5 years 
of the 8 year test. 
3.5 Loss of Strength Due To General Section Loss 
Studies of the behavior and strength of deteriorated bridges have I 
been limited. The fatigue resistance of corroded weathering steel bridges 
has received interest and will be discussed in Section 3. 6. The 
performance of steel members suffering general section loss has received 
less interest, with the only publication so far being Kayser's Dissertaion 
in 1988 (Kayser-88]. This section will review Kayser's study. 
Kayser performed a comprehensive study of the effects of corrosion 
on the reliability of steel girder bridges. Effects of corrosion on the 
.. bending, shear, and bearing strength of individual steel members were 
analyzed. A corrosion damage model was also developed which allows for 
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the analysis of reliability and capacity rating of four typicaL. steel 
girder bridges, in which the safety of the bridge is based on the failure 
of the first girder. 
The most common form of corrosion is general section loss of surface 
material, which causes gradual thinning of members. Three basic changes 
can occur in a steel bridge due to corrosion. These changes are: 
1. Loss of material causes a smaller net section. Stress levels 
for a given load will increase. 
2. The reduction in section area decreases a member's geometric 
properties, such as moment of inertia or radius of gyration. Buckling 
capacity of members will be critically affected by this reduction, which 
will occur in a nonlinear fashion because these geometric properties occur 
in a nonlinear manner. 
3. The buildup of corrosion products exerts pressure on adjacent 
elements. This pressure causes stresses and eccentricities in the 
connected parts. Bearings or hinges can become locked, causing unintended 
stresses in the structure. The change in boundary conditions from pinned 
to fixed will cause the structure to be inherently stiffer, with higher 
natural frequencies. 
As discussed previously, corrosion occurs due to deck leakage or 
from road spray accwnulation. Figure 3.5 shows typical locations where 
surface corrosion occurs. The top surface of the bottom flange of the 
girder facing the oncoming traffic will show the heaviest corrosion. Web 
loss will also occur where there is deck leakage. 
Bending of a girder occurs at midspan and at supports, with a 
typical section loss due to corrosion shown in Figure 3. 6. For the 
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positive moment regions at midspan, corrosion will cause a reduction in 
the tensile capacity of the lower flange. For the negative moment regions 
at supports, the lower flange's decreased thickness might lead to local 
buckling. Figures 3.7 and 3.8 display the linear reduction in ultimate 
moment capacity and bending stiffness as composite and noncomposite 
sections corrode. 
Shear of a steel girder is most critical at supports, and this is 
also where the greatest amount of web corrosion will occur as shown in 
Figure 3.9. Figure 3.10 illustrates the loss of shear capacity due to 
corrosion. This loss is linear until buckling occurs, then diminishes 
rapidly. 
Bearing forces are carried by the web immediately above the 
supports, thus the corrosion pattern shown in Figure 3.9 also applies to 
bearing. Figure 3 .11 shows the reduction in bearing capacity due to 
corrosion, with and without stiffeners. This reduction is linear with 
initial section loss, then nonlinear as corrosion loss greatens. Bearing 
stiffeners are shown to improve the capacity at high levels of corrosion. 
Kayser analyzed the performance of corroded A36 steel girder bridges 
by designing four typical bridges of length 40 to 100 feet. He found that 
the governing criteria which determines minimum safety or capacity of a 
bridge changes over the bridge lifetime. Bending failure will govern at 
\ 
low corrosion levels. At high corrosion levels, bearing and shear modes 
of failure will govern due to the fact that the web is a thin compression 
element. Kayser also found that the presence of a web stiffener helped 
the bridge performance at high corrosion levels where this web buckling 
may occur. 
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This section reviewed Kayser' s study of the effects of general 
surf ace corrosion on s tee 1 bridge strength. Graphs of bending, shear, and 
bearing strength of individual steel girders as corrosion occurs were 
presented. It should be noted that very high levels of corrosion must 
occur before any appreciable decrease in strength occurs. Kayser made 
note of this by stating that the reduction in safety index of a bridge is 
a function of the bridge's local environment. This reduction over a 50 
year life is approximately: 
- 5 to 15% for a rural environment; 
- 15 to 35% for an urban environment; 
- and as much as 100% for a marine environment. 
[Kayser-87,88]. 
3.6 Effect of Corrosion on Fatigue Resistance of Weathering Steel 
Corrosion notching, in which corrosion significantly reduces the net 
.~ - -se'ction, provides a substantial reduction in fatigue resistance. On the 
other hand, the effect of corrosion on the fatigue strength of weathering 
steel details is debatable. This section will review corrosion notching 
and the fatigue strength of weathering steel details. 
3.6.1 Corrosion Notching 
ii 
The accumulation of dirt, debris, and salt, combined 1 with long time-
of-wetness, produce a severe corrosion cell which deeply pits the section 
and significantly reduces the . net section. These corrosion notches 
provide a substantial reduction in fatigue resistance. Research at the 
University of Maryland shows that exposure to very high corrosivity 
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environments reduces the fatigue strength of category A and B beams 
fabricated from A588 steel to that of category E [Albrecht-88). Fisher 
also notes the observance of category E notches in studies in which cracks 
developed at gross sections of notches without influence of rivet hole 
positions [Fisher-88]. 
Fisher also notes that in actual structures cracks only form as the 
corrosion loss becomes extensive. The rate of corrosion in actual 
structures exceeds the rate of fatigue damage, thus preventing the 
development of cracks. Any cyclic loading damage is removed by the 
ongoing corrosion process. Fisher uses the corrosion notching on the 
Williamsburg Bridge as an example. Continuing corrosion occurs on A36 
steel in which the paint system failed long ago. Fatigue cracks of 
significant depth, however, do not develop [Fisher-88]. 
3.6.2 Fatigue Strength of Weathering Steel Details 
Albrecht believes that the aqueous environments of fresh and salt 
water can reduce the fatigue strength of bare, exposed weathering steel 
bridges as compared to steel bridges that are protected with a well 
maintained paint system. Data is cited from the following types of tests: 
1. Weathering fatigue test -- specimens boldly exposed to the 
environment for many years which were then stress cycled to failure in dry 
lab air. 
2. Corrosion fatigue crack initiation and crack propagation tests 
- - nonweathered specimens were stress cycled in an aqueous environment of 
fresh or salt water. 
3. Weathering and corrosion fatigue test -- specimens boldly 
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exposed to the environment for many years which were then stress cycled to 
failure in an aqueous environment of fresh or salt water. 
( 
Albrecht explains that for weathering fatigue tests there exists a 
loss in mean stress range for weathering steel and ordinary steel 
specimens alike. This "loss in stress range" is the vertical drop between 
the mean line of stress range versus cycles to failure (S-N Line) for a 
series of nonweathered and weathered specimens calculated at 500,000 
cycles of loading. This loss was highest for Category A base metal and 
continually decreased with increasing severity of detail. 
Albrecht notes that the corrosion fatigue crack initiation life of 
weathering steel details in salt water is much shorter than the fatigue 
crack initiation life of the same details in dry air. He also notes that 
structural details on bare weathering steel bridges have shorter crack 
propagation lives than those on painted steel bridges. For mild and high 
strength low alloy steel the following equations of crack growth rate, 
da/dN, versus range of stress intensity factor, delta K, were obtained: 
in air da/dN == 1.54 x 10-12 (delta K) 3 · 344 
• • 
- 1n aqueous env1rorunents da/dN = 4.16 x 10-12 (deltaK) 3 · 279 
At the lowest stress intensity factor range at which these propagation 
rates were measured, cracks grew faster in aqueous envirorunents by a 
factor of 2.3. 
Weathering and corrosion fatigue data reveal information on how 
weathering steel details will perform in environments of very high 
corrosivity. Comparing these details to their nonweathered counterparts 
cycled • • 1n air, the loss in stress range was 71% for category A rolled 
beams, 56% for category B welded beams, and 23% for the category c* 
' " 
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transverse stiffeners. 
Based on the analysis of all of the above mentioned data, Albrecht 
recommends the following reductions in allowable stress range for the 
given details: 
In environments of medium corrosivity -
Category A: 34% 
Category B: 24% 
Category C: 13% 
' Category D,E,E: 10% 
In environments of high corrosivity -
Category A: 44% 
Category B: 34% 
Category C: 23% 
I Category D,E,E: 20%. 
[Albrecht-88] 
Contrary to Albrecht, Fisher believes that existing specification 
provisions for the fatigue design of steel structures adequately provide 
for the design of weathering steel bridge members. Fisher bases his 
belief on experimental data as well as on field experience. 
The fatigue design of steel bridge details is based on a set of 
fatigue resistance curves which define the strength of different classes 
of details, ranging in severity from category A to E'. In general, these 
resistance curves are based on a lower bound to the experimental fatigue 
resistance of prototype details. 
Fisher analyzed the same data as Albrecht. Fisher notes that all 
test results exceed their appropriate fatigue category resistance curve. 
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He notes that as the severity of the detail incr
eases, the corrosion 
causes a smoother weld profile with a decreased stre
ss concentration. In 
a test when welded details were subject to an aqueous environmen
t, the 
crack tip region shows branching and irregular feat
ures, resulting in a 
reduction in crack growth rate. No test data ind
icates a significant 
difference between lower bound fatigue resistanc
e of weathered and 
nonweathered steel details. 
Weathering steel has been used in bridges since 1964
. No incidents 
of premature fatigue cracking have been reported. S
evere fatigue details 
on heavily traveled highways have not experienced a
ny problems. 
Fisher also mentions the many highway and railroad
 bridges which 
have experienced severe corrosion pitting and notc
hing, but no fatigue 
cracking. These structures, not fabricated from 
A588 steel, are still 
relevant to this study since many have not been p
rotected by coatings 
since their original shop coating. Where continu
ing corrosion occurs, 
even on severe details, fatigue cracks of signi
ficant depth do not 
develop. There is no evidence to indicate an acce
leration in the crack 
growth rate attributable to environmental condition
s [Fisher-88]. 
The difference in opinion that Albrecht and Fisher 
derive from the 
same data is evidence of the problems existing in in
terpreting weathering 
fatigue data. The problem is that bridges are slowly
 undergoing corrosion 
over their whole lifetime while experiencing stress
 cycles. There is no 
way to duplicate this in the lab. Most fatigue tests
 use conditions which 
lie on the extremes of true atmospheric conditions. 
Fisher believes that 
the true condition for weathering steel details l
ies closer to normal 
stress cycling in air, while Albrecht believes that 
actual conditions can 
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be simulated using severe environmental conditions. Another problem in 
interpreting the data is Albrecht's use of mean loss of stess range as 
opposed to Fisher's use of the traditional lower bound resistance curves. 
Fisher backs up his interpretations with actual field experience, Albrecht 
does not. 
Both Fisher and Albrecht agree that a penalty should exist for 
category A and B details, but Fisher notes that these two categories are 
not controlling factors for many bridges. Fisher concludes that for the 
I 
most critical details (C, D, E, and E ), lab data and field results show 
no degradation of fatigue resistance. 
3 . 7 S11mma ry 
This chapter discussed the effects of corrosion on bridges. 
Conditions which cause examples of 
• corrosion • excessive • corrosion, 
problems, and sheltered corrosion penetration curves were presented. 
Sheltered envirorunents aided by salt spray or debris accumulation are more 
aggressive towards steels than bold exposures. Thus, bridges in this 
project not above traffic should show less corrosion penetration than 
bridges above traffic. Actual data suggests a first year plate loss at 
Detroit of 0.77 to 0.85 mils for sheltered horizontal specimens, and a 
first year loss at Newark of between 0.94 to 1.15 mils. Of course, actual 
conditions will differ slightly. Bethlehem should display less 
penetration since the site is not above traffic. Montoursville should 
yield the lowest penetration since it is a rural site with no traffic 
underneath. 
Corrosion causes general section loss of individual steel members, 
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lowering their bearing and shear strength at high levels of corrosion. 
Corrosion notching, in which a net section is attacked, can reduce the 
fatigue strength of a category A beam to that of category E. On the other 
hand, general fatigue resistance of weathering steel details is adequately 
provided for by current specifications. 
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Cha»ter 4 -- Experimental Procedures Used 
4.1 Introduction 
Information on all test procedures used in the service application 
of the corrosion coulometer is discussed in this chapter. The corrosion 
coulometer will be completely described. Its design, construction, 
servicing, and modifications will be presented. Other sections discuss 
the test setup and plate servicing. 
4.2 The Corrosion Coulometer 
4.2.1 Design Principles 
Weathering steel corrosion problems occur when salt, debris, and 
corrosion products accumulate on steel surfaces. These contaminants 
promote a longer time-of-wetness on the steel surface and thus a higher 
corrosion rate. Atmospheric corrosion monitors in existence do not take 
into account this poultice corrosion, as the only exposed metal in these 
monitors is the edge of the metal in question. The corrosion coulometer, 
although based on the galvanic principles of these other monitors, is a 
new monitor for steel structures in that it incorporates • corrosion 
products and airborne contaminants into its system to determine the 
• corrosion rate. 
The corrosion coulometer, shown in Figure 4.1, consists of a copper 
cup with a layer of glass beads on the bottom and a steel screen resting 
on the beads. When saturated with water, the galvanic action between the 
cup and screen results in a potential being established in an external 
so 
I 
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connection. As the cell dries out, the current decreases until it stops 
when the cell is completely dry. The total output of the cell can be 
stored in a microcoulometer'which can then be read at any time. As the 
steel screen rusts, corrosion product collects on the screen and on the 
glass beads and underlying filter paper to stimulate debris accumulation. 
The cell can also collect airborne contaminants, debris, and salt from 
traffic spray or leaky joints. 
The advantage of the monitor over the traditional use of plate 
penetration curves is that the monitor is a small compact unit whose 
information • lS generated electrically. The monitor can be used 
indefinitely, with readings at any desired time interval. Plate 
penetration curves require the removal of a plate to determine its mass 
loss. Thus, many plates are required to establish a penetration curve. 
Monitor readings are expected to mimic the plate penetration curves, as 
the monitor's weathering steel screen will develop a tight oxide coating, 
causing the readings to level off. Readings will not level off if this 
tight oxide coating does not develop, indicating a corrosion problem. 
Remote monitoring of the corrosion coulometer readings can also be 
developed in the future, a technique not ~ossible with plate mass loss 
~-
,,.. 
generated data. 
4.2.2 Original Design (1988 Design) and Testing 
Information on the original design of the corrosion coulometer was 
reported in 1988 [White-88]. A side view .of this 1988 design is shown in 
Figure 1.1. A standard 1-3/4" diameter copper end cap (obtained from a 
plumbing supply house) formed the basic container and one electrode. The 
51 / 
---------------------------------- ---
height of the cap was cut down to 5/8" and the inside of the cap cleaned 
by abrading with steel wool or fine SiC paper. Several 3/16" holes were 
drilled in the bottom for drainage and a piece of filter paper was cut to 
fit the inside bottom. On top of this was placed a single layer of solid 
glass beads 3 mm in diameter. An "On ring, 3/32" thick and 1-5/8" outside 
diameter, was put on the inside bottom of the cap to keep the beads away 
from the inner perimeter so that better contact is made between the screen 
and glass beads. Without this "0" ring, the split tubing around the 
screen would rest on the beads and the screen would be held away from the 
beads. 
A piece of 14 x 14 mesh screen, either carbon or stainless steel, 
was cut into a 1-1/2" diameter circle for the other electrode. This 
screen was then put on top of, and in contact with, the glass beads, after 
a piece of tygon tubing, 1/8" outside diamter and 1/32" wall thickness, 
was slit and put around the perimeter of the screen so that it would not 
contact the copper cup. Another "0" ring, this one 1/8" thick and 1-
11/16" outside diameter, was forced into the cup (which is 1-5/8" inner 
diameter) to hold all the components together in the cell, so it can be 
used in any position. 
To make electrical connection to the screen, a machine screw (either 
cold rolled or stainless steel) is put through the screen and into the 
threaded end of a Mueller alligator clip. A copper Mueller clip is 
l 
fastened to the edge of the cup with a copper screw. In order to 
continuously monitor the electrical output of the cell, a microcoulometer 
was clipped to the two electrodes and used to measure the total output of 
the cell during wet/dry cycles. The one chosen is called an E-Cell *, which 
(* Series 560, Pacific Electron Corporation) 
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operates on the principle of plating silver on a gold electrode to 
quantitatively accumulate the number of coulombs (current x time) 
generated by the cell. The cell is then "read" and "cleared" for the next 
cycle by a controlled deplating to measure the amount of accumulated 
charge in millicoulombs. This coulometric data is a convenient way to 
measure the total output of the cell. 
The corrosion coulometer was initially evaluated in the laboratory 
by monitoring ten successive wet/dry cycles. Both the initial current 
generated by wetting, and the total charge passed decreased with 
successive cycles. Cells were also evaluated on the roof of a Lehigh 
University building for 20 weeks, along with a rain gage and steel panels. 
Figure 4.2 shows average monitor reading versus mass loss for the rooftop 
exposure, illustrating the excellent correlation between the two. The 
steel screens in the monitors corroded at a rate that predicted a lifetime 
of at least 4 years, making it a viable monitor for use on steel 
structures. 
4.2.3 Modified Design (1989 Design) 
ATLSS Project CB addresses the service evaluation of the corrosion 
coulorneter. The actual monitor used (1989 design) is a modification of 
the original monitor (1988 design). Figures 1.1 and 4.1 show the 1988 
design and 1989 design, respectively. The two modifications of the 1989 
design are a new weatherproof connection and new steel screen material. 
A requirement of the new monitor (1989 design) was to fabricate it 
using weathering steel (A588) and carbon steel (A36) screens. 
Unfortunately, neither A588 nor A36 steel meshes were available. 
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Artificial meshes were created by using 0.020" thick A588 and A36 steel as 
supplied by the Bethlehem Steel Corporation. One and one-quarter inch 
squares of the steel were cut out, and 1/16" holes were drilled through 
the steel in a regular pattern. A top view of the newly created steel 
screen is displayed in Figure 4.1. 
The connection of the 1989 design was also modified to make it more 
weatherproof. The E-Cell was encapsulated in caulk after soldering its 
two ends to two leads of a polarized connector. The other end of the 
polarized connector was attached to the copper cap with a nylon bolt and 
nut. Its two wires were soldered to the copper cap and to the middle of 
the steel screen. All connections were caulked for weatherproofing 
purposes. 
The modifications made in the 1989 design were minor and do not 
alter the behavior of the monitor system. Laboratory tests have shown 
monitor readings of the 1989 design were similar in magnitude and nature 
as those of the 1988 Design. 
4.2.4 Monitor Servicing 
Monitors are mounted on racks which are then mounted on steel girder 
" 
surfaces. Racks are made of acrylic sheet with 1-3/4" holes drilled 
through the sheet, allowing the monitors to drain. Some glue is used 
between the monitors and rack to keep the monitors in place. Racks can be 
clamped onto surfaces, such as the top surfaces of bottom flanges. Racks 
can also be mounted on webs and on bottom surfaces of flanges by using 
magnets. 
Monitors are serviced by changing the E-Cell. The E-Cell is 
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encapsulated in caulk in a detachable polarized connector. This unit is 
removed and one with a cleared reset E-Cell is placed on the monitor. The 
E-Cell unit is brought back to the lab and placed in a device which clears 
the E-Cell, giving as a reading the total charge generated in 
millicoulombs. 
Possible future monitors will use a device which measures 
millicoulombs directly off the cell. This device, shown in Figure 4.3, 
was developed by Chant Engineering in 1990. The battery operated device 
consists of a zero resistance ammeter input circuit in a sealed, 
weatherproof case. The amount of charge passed between the cap and steel 
screen is displayed as it occurs. Remote monitoring of this continuous 
cell output is a future option. 
4.2.5 Modifications 
More modifications were undertaken midway through the current 
monitor evaluation due to response problems incurred at the bridge sites, 
where monitors were not directly rained on, as at the Mountaintop Site. 
These problems will be discussed in Chapter 5, for now the actual 
modifications will be introduced. 
(, 
4.2.5.1 Salting 
A 3% salt solution was applied to half the monitors (one A36 steel 
screen monitor, one A588 steel screen monitor, and one stainless steel 
screen monitor) at each of the 5 bridges. The salt solution was poured 
into each monitor until the 5/8" high copper cap was filled up. This was 
done at the end of the second month at New Jersey, Montoursville, and 
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Bethlehem; and at the end of the third month at the two Michigan bridges. 
The salting was done to improve the monitor's sensitivity to the drier 
conditions found under a bridge. The salt will remain on the steel 
screens, promoting longer time-of-wetness in the cell in response to 
varying relative humidities. 
4.2.5.2 New Designs 
Totally new designs were also proposed to improve monitor response 
to relative humidity changes. These designs were made to improve response 
to dry sheltered conditions found under a bridge as compared to the 
exposed conditions at the Mountaintop Site and at the Lehigh rooftop 
exposure (1988 Testing). 
The new designs are currently being designed and evaluated, they 
consist of steel and copper plates separated by filter paper. The motive 
of the design is to bring the steel and copper closer together. If one or 
the other is wetted, the filter paper will wet, thus wetting the other and 
creating a galvanic circuit. Figures 4.4 and 4.5 display the two new 
designs. By enlarging the copper plate in Figure 4.5 and attaching it 
directly to a steel surface girder, the thermal mass of a steel girder 
bridge is taken into account. 
4.3 Test Setup 
Most structural steel in bridges is sheltered by the bridge deck 
from bold atmospheric conditions and thus does not experience direct 
rainfall or sunshine. As shown in Chapter 3, weathering steel has not 
performed well in certain situations where debris and salt have 
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accumulated on sheltered girders. The service application of the 
corrosion coulometer consists of testing the monitor's response on 
sheltered bridge girders which do not receive direct rainfall or sunshine. 
The monitor will be tested by comparing monitor readings to corrosion 
penetration values of steel panels at that site as well as to monitor 
readings at other sites. 
4.3.1 Atmospheric Corrosion Test Requirements 
The extreme amount of time required to conduct an atmospheric 
corrosion test makes it unique. Meaningful results of plate penetrations 
can only be obtained after plate exposure of 6 to 12 months and after 
varying the initial season of exposure. Recommended practice is to remove 
plates after 1,2,4,8, and 16 years. However, the service evaluation of 
the corrosion coulometer requires monthly readings of the monitors, and 
thus monthly mass loss readings of the plates. 
Dean notes the four steps in conducting a successful atmospheric 
corrosion test as follows: 
1. Planning is important due to the length of time required to 
conduct a test and the inability to correct mistakes once made. 
Determination of test goals, test strategies, procedure details, and 
initiation of exposure should all be carried out carefully. 
2. A system of recording data must be worked out to permit ease of 
retrieval of data at the conclusion of the test. This factor • lS 
especially important when the person who completes the test is not the one 
who initiates the test, which often happens when atmospheric corrosion 
tests last several years. 
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3. Take into consideration monitoring weather factors of importance 
to atmospheric corrosion. Drawbacks to this are the expenses involved and 
the inability of others in the past to relate weather factors to 
atmospheric corrosion. 
4. Work out a procedure to evaluate the mass loss of test 
specimens (Dean-89]. 
ASTM Standards set forth general procedures for conducting 
atmospheric corrosion tests. They are presented as an aid so that costly 
mistakes can be avoided [ASTM-88A]. Following is a description of 
procedures used. Wherever possible ASTM suggestions were followed. 
4.3.2 Test Description 
The service evaluation of the corrosion coulometer was performed at 
the following six sites: 
1. Mountaintop Campus, Lehigh University, Bethlehem, PA 
2. Fahy Bridge, Bethlehem, PA 
3. New Jersey Turnpike Bridge, near Exit lSE on the 
Turnpike, Newark, NJ 
4. Montoursville Bridge, Montoursville, PA 
5. Bridge at Eight-Mile Road, Detroit, MI 
6. Bridge at I-96 and US-24, Detroit, MI 
4.3.2.1 Mountaintop Site 
The original application of the corrosion coulometer was made at the 
Mountaintop Campus at Lehigh University. Ten monitors were placed on 
surfaces around the cross section of a weathering steel beam outside the 
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ATLSS Lab. Following are the goals of this installment: 
1. Ensure that the newly modified monitors (1989 design) would give 
readings in the outdoor environment. 
2. Ensure that monitors would give consistent readings. 
3. Explain what effect steel screen material (A36, A588, or 
stainless steel) has on monitor readings. 
4. Illustrate how position of the monitors on different surfaces of 
the cross section of a beam effects monitor readings. 
5. Explain the effect of salt on monitor readings. 
The weathering steel beam used is part of a group of 14 beams 
outside the ATLSS Lab and is being weathered for use in a separate 
project concerned with weathering steel fatigue resistance. These exposed 
beams experience direct rainfall on their surfaces. The ten monitors were 
placed on seven different surfaces of the beam; including top and bottom 
surfaces of the top flange, bottom surface of the bottom flange, southern 
web face, northern web face, top of the northern bottom flange, and the 
top of the southern bottom flange. 
Positions of the monitors for the Mountaintop Campus location are 
displayed in Figure 4. 6. Monitor identification letters preceded by 
"A588" indicate a monitor with a weathering steel screen, the monitor 
identification preceded by "A36" indicates that monitor has an A36 steel 
screen, and the monitor identification preceded by "SS" indicates a 
stainless steel screen monitor. 
The four monitors on the top surface of the top flange receive the 
same amount of rainfall and 'experience the same drying conditions and 
therefore test the consistency of the monitors. The two weathering steel 
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screen monitors and the A36 steel screen monitor on this top flange should 
give the same readings initially, then differ as the weathering steel 
screens develop a protective oxide coating. The stainless steel screen 
monitor at this location is expected ""'to give readings an order of 
magnitude lower than the others. The advantage of this monitor is its 
longer life expectancy. 
The other monitors on the different surfaces of the cross section 
receive different amounts of rainfall, sunshine, and wind and thus will 
··' 
display different readings. 
The 14 beams are sprayed with a 3% salt solution every time it snows 
to simulate actual bridge conditions. Thus, the effect of salt spray on 
monitor readings can be evaluated. 
Weekly readings were taken initially on the ten monitors installed 
on May 24, 1989. Two of the monitors, "A588A" and "A588E" 
' 
were 
vandalized in September, 1989 and are no longer in use. These two 
monitors were located on the bottom surface of the top and bottom flanges. 
Readings are now being made monthly on the eight remaining monitors, 
except during winter months when weekly readings are made. 
4.3.2.2 Bridge Sites 
Six monitors and sixteen 4"x6" steel plates are installed at each of 
the five bridge sites. Of the six monitors, two are fabricated with A588 
steel screens, two with A36 steel screens, and two with stainless steel 
screens. Of the sixteen plates, eight are of A588 steel and eight are of 
A36 steel. The purpose of the A36 (copper bearing structural steel) 
plates is to provide for a control specimen. 
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Before initial exposure. all plates were identified with a code 
using a steel stamp hammered into the plate. Plate identification letters 
preceded by a "3" indicate the plate is of A36 steel, while just a simple 
identification letter indicates the plate is of A588 steel. Plate 
locations were recorded and plate identification letters were inscribed 
into the plate racks to ensure no future plate misidentifications would 
occur. 
Initial exposures were made at the same time of the year, between 
December, 1989 and January, 1990. Monthly site visits were made for the 
first six months, at which time monitors were serviced and one A36 plate 
and one A588 plate were removed. Additional plates were installed ( two 
A36 plates, two A588 plates) at the end of 3 months, at the end of 5 or 6 
months, and at the end of 7 or 8 months. This provided for variable time 
of exposure. The remaining plates initially exposed in December of 1989 
are scheduled for removal at the end of 12 and 18 months. 
Bridge sites were chosen so as to obtain a range of 
macroenvironments and microenvironrnents. The bridge sites can be 
described as rural (Montoursville), and as industrial (Bethlehem, Newark, 
• 
and Detroit). Sites at New Jersey and Michigan sit directly above 
traffic, while Montoursville and Bethlehem sites do not. Another factor 
considered was the existence of independent corrosion penetration data for 
almost all sites. 
Each test was set up on the top surface of a lower flange of a steel 
girder away from supports, as shown in Figure 4. 7. As discussed 
previously, the most severe corrosion occurs at the top surface of the 
bottom flange and lower 1/4 of the web surface along the entire length of 
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the girder as well as on the entire web surface at supports. This 
corrosion is caused by water and salt leaking from joints or sprayed by 
traffic. If the test was set up at a leaky joint, the monitor's 
use fullness would be proven as readings would definitely occur, as 
Mountaintop monitors which receive direct rainfall show readings. A 
problem would be the differential amount of water that the 11 foot long 
test setup would receive. For these reasons the monitors were tested at 
locations where leaking did not occur, the purpose being to test monitor 
response and measure plate penetrations under sheltered conditions with 
corrosion aided by traffic spray. 
Monitors were fastened to acrylic racks as shown in Figure 4.8. This 
rack was fastened to the bridge with a C-Clamp at the center of the test 
set up. Acrylic supports prevent the monitors from touching the bridge, 
thus the monitors are allowed to drain freely. The steel 4"x6" plates 
were fastened to racks as in Figure 4.9. Sufficient distance (1/2") was 
maintained between the plates and rack to prevent any adverse effect of 
the rack on plate exposure. Nylon nuts and bolts were used to fasten the 
plates to the rack to prevent galvanic corrosion. Racks were fastened to 
the flange with C- Clamps. Pieces of rubber were glued on the C-Clamp 
bearing surfaces to prevent damage to flange surfaces or galvanic 
corrosion between the clamps and bridge. 
Data exists for each monthly site visit, such as the record of data 
for the Eight-Mile Road Bridge shown in Appendix A. This data consists of 
the following information: 
1. 
2. 
/ 
Monitor readings for all six monitors, in millicoulombs. 
Monitor layout with information of salt applications. 
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3. Plate layout. 
4. Plate mass loss determination, which will be discussed in 
Section 4.4. 
5. General observations, including corrosion differences between the 
top and bottom plate surfaces, notation of whether or not the oxide 
coating is tightly adhering or flaking off, and oxide uniformity. 
The monitoring of weather factors which affect atmospheric corrosion 
was not performed due to the cost and time required. At the present time 
hourly readings of several climatic factors (temperature, relative 
humidity, wind speed, and wind direction) are being obtained from the 
airport weather station nearest all bridge sites from December 1989 
through April 1990. These factors will be analyzed in the future for 
their influence on plate corrosion penetrations at the bridge sites. 
Description of Bridge Sites 
Table 4.1 shows a swrunary of the conditions in existence at all five 
bridge sites. "Spray" refers to whether or not traffic passes under a 
bridge. A description of each individual site follows Table 4.1. 
----------------------------
----------------------------
------------------
Table 4.1 Summary of Conditions at Bridges 
Bridge Location 
Fahy Beth. PA 
NJTP Newark NJ 
Mville Mville PA 
8-Mile Detroit MI 
I-96 Detroit MI 
Macro 
Envir. 
Ind. 
Ind. 
Rural 
Ind. 
Ind. 
Micro-
Envir. 
(Spray?) 
No 
Yes 
No 
Yes 
Some 
* -- there are data for other rural PA sites 
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Existence 
of Penet. 
Data-Bridge 
No 
No 
No 
Yes 
No 
Existence 
of Penet. 
Data-Area 
Yes 
Yes 
No* 
Yes 
Yes 
Fahy Street Bridge: 
The Fahy Street Bridge spans the Lehigh River just south of downtown 
Bethlehem, PA. One-quarter of a mile downstream and east is the location 
of Bethlehem Steel's main plant. The atmosphere can be described as being 
industrial. Initial exposure was December 7, 1989. 
The north to south bridge consists of two separate spans consisting 
of two longitudinal girders ea<.~h. The test set up is on an interior 
longitudinal girder of the eastern span, located over an island on the 
north side of the river. Extremely light traffic using the island's 
recreational facilities passes directly underneath the setup. It is 
approximately 25 feet above ground level. There is heavy vegetation 
surrounding the bridge area, but not directly under the monitor setup. 
The bridge has developed the tight oxide coating expected of 
weathering steel, except for some poorly designed details which are 
corroding excessively. These details are horizontal web stiffeners on the 
exterior girders, and vertical support stiffeners at all supports. The 
horizontal stiffeners retain rain water and show extensive rust scaling. 
These details were sprayed with high pressure water several years ago, 
ridding the details of scale and flaking rust which had built up. This 
scale is reappearing. The most • • • serious corrosion is at the support 
details. Dirt up to 6 inches deep collects in the stiffener details, as 
there is no outlet for water flow which would remove this dirt. Moisture 
is present underneath the dirt, promoting the heavy corrosion there. 
Extreme flaking occurs here, often several layers thick. A typical rust 
flake which was easily pried off measured 16 x 6 x 1/4". 
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Nev Jersey Turnpike Bridge: 
The New Jersey Turnpike Bridge Site is located on an approach 
structure of a major bridge, 1/4 of a mile from Exit lSE in Newark, NJ. 
Major industrial facilities are nearby, including a new garbage 
incinerator 1/4 of a mile away. Initial exposure was December 21, 1989. 
The test setup is on the second girder facing traffic of a multi-
girder north to south bridge. The heavy truck traffic from Routes 1 & 9 
passes under this Turnpike bridge, perpendicular to the test setup girder. 
The setup is approximately 15 feet off the ground, over the shoulder of 
Routes 1 & 9. There is some vegetation in the area. 
The bridge is in very good shape and has developed a tight oxide 
coating. Water is carried from the deck above to to the ground below by 
use of well maintained troughs, promoting the protective oxide on the 
bridge. 
Montoursville Bridge: 
The Montoursville Bridge is located on Interstate Route 180 in 
north-central Pennsylvania. 
January 10, 1990. 
The site is rural. Initial exposure was 
A two lane highway is approximately 50 yards west of the test setup, 
and a small river is approximately 50 yards east of the setup. The area 
surrounding the bridge is very open and has light vegetation. 
The east to west bridge is in very good shape and has developed a 
tight oxide coating. 
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Bridge at Eight-Mile Road in Detroit: 
The Eight-Mile Road Bridge is located at the intersection of Eight-
Mile Road and US-10 in Detroit, Michigan. The atmosphere is industrial. 
Initial exposure was January 6, 1990. 
The test setup is on the second girder perpendicular to the oncoming 
heavy traffic flow. It is approximately 20 feet from road level to the 
test setup, which is over the shoulder of the highway. The road level is 
approximately 25 feet below surface level. No vegetation is in the area. 
This weathering steel bridge was painted several years ago due to 
the extreme corrosion problems which have been documented in this thesis. 
Vertical retaining walls along the sides of the highway create a tunnel-
like condition, trapping salt spray due to the resultant poor wind flow 
under the bridges. Several other panel exposure tests of other 
researchers exist at the site. 
Bridge at Intersection of I-96 and US 24: 
The bridge at the intersection of I-96 and US-24 is also located in 
the Detroit, Michigan industrial atmosphere. Initial exposure was January 
6, 1990. 
The test setup is located under a bridge over a 40 yard median of a 
highway. Thus, there is traffic 20 yards away from the setup on either 
side. The girder runs longitudinal to this traffic flow, with the test 
setup approximately 12 feet off the ground. No vegetation is in the area. 
Corrosion problems also occurred at this bridge, although not of the 
magnitude as that at the Eight-Mile Road. This weathering steel bridge 
was painted several years ago. 
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4.4 Servicing of Steel Plates 
This section discusses the procedure used to strip rust off the 
steel 4" x 6t' by 0.02" plates. The determination of panel mass loss along 
with the conversion of this mass loss to corrosion penetration will also 
be presented. Numerical examples are given. 
4.4.1 Removal of Rust From Plates 
Rust is removed from the steel plates by treating the plates with a 
solution of 10% H2S04 containing 2% Rodine 95*. Rodine 95 is a very 
soluble, semi-foaming, liquid inhibitor formulated for use in sulfuric 
acid pickling. The plate is immersed in a beaker of this cleaning 
solution at 75 degrees Celsius for periods of 3 minutes until all visible 
corrosion product is removed. 
The cleaning solution has a minimal attack on unoxidized steel, 
equal to approximately 0.017 grams of base metal loss per 3 minutes of 
time that the plate is immersed in the cleaning solution. Thus, the 
plates are repeatedly immersed for periods of 3 minutes until the mass 
difference before and after a given 3 minute cleaning period is less than 
0.017 grams. 
f 
4.4.2 Determination of Steel Plate Mass Loss 
Mass loss is equal to the actual loss minus base metal loss, where 
/ 
base metal loss is the mass loss of unoxidized steel. Two numerical 
exal!!ples follow: 
<* Amchem Products, Inc., Ambler, PA) 
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1. Determination of Mass Loss For Lightly Corroded Plates: 
The following example is taken from plate data obtained at the 
·, 
Montoursville, PA site at the end of three months of exposure. 
Time In Solution Reading 
Minutes No. 
Initial 
3 
3 
3 
1 
2 
3 
4 
Plate RR 
Mass (g) 
61.03810 
60.16255 
60.13635 
60.12100 
Plate 3C 
Mass (g) 
65.22005 
64.25540 
64.22630 
64.21040 
Mass Loss of RR - 61.03810 - 60.13635 - (0.017 x 2) -
- 0.86775 grams 
Note: Final mass of 60.12100 grams was not included because the 
incremental mass difference between Readings No. 3 and No. 4 was less than 
0.017 grams. The plate is clean of all rust after Reading No. 3. 
Mass Loss of 3C = 65.22005 - 64.22630 - (0.017 x 2) = 
= 0.95975 grams 
2. Determination of Mass Loss For Heavily Corroded Plates: 
The following example is taken from plate data obtained at the 
Eight-Mile Road Bridge in Detroit, Michigan at the end of 6 
months of exposure. 
Time in Solution Reading 
Minutes No. 
Initial 
12 
12 
3 
3 
1 
2 
3 
4 
Mass Loss of DD - 56.29000 
Plate DD 
Mass ( g) 
56.29000 
- - - - - - - -
51.00800 
50.98560 
50.96915 
Plate 3GG 
Mass (g) 
58.79813 
--------
51.49400 
51.47600 
51.46220 
50.98560 - (0.017 X 9) = 
- 5.15140 grams 
Mass Loss of 3GG= 58.79813 - 51.47600 - (0.017 x 9) -
== 7.16913 grams 
4.4.3 Determination of Steel Plate Penetration 
' 
Mass loss due to corrosion can be converted to an average corrosion 
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penetration per side by use of the following equation: 
C - (K) (W) / (A) (D) 
where: C - Average corrosion penetration per side, in micrometers; 
W - Mass loss, in grams; 
A - Total surface area (all six surfaces), in square cm; 
D - Density of low-alloy steel, equal to 7.85 grams 
per cubic centimeter; 
and K - 10000, if other units are used as specified. 
[Albrecht & Naeemi-84]. 
A numerical example will follow: 
The following example is taken from plate data obtained 
at the Eight-Mile Road Bridge in Detroit, Michigan at the end of 6 months 
of exposure. 
Plate DD: 
W - 5.15140 grams from mass loss determination 
Length= 5-31/32", Width= 3-31/32", Thickness - 0.019" 
A~ Total Surface Area= 
~ 2 (5-31/32 X 3-31/32) 
+ 2 (5-31/32 X 0.019) 
+ 2 (3-31/32 x 0.019) = 47.75 in2 - 308.09 cm2 . 
Using the above equation: 
C - (10000)(5.15140) / (308.09)(7.85) -
= 21.30 micrometers 
- (with 1 mil= 25 micrometers)= 0.852 mils. 
Plate 3GG: 
W = 7.16913 grams 
Length= 5-29/32", Width= 4", Thickness - 0.019" 
A= Total Surface Area - 307.17 cm2 • 
C - (10000).(7.16913) / (307.17)(7.85) -
= 29.72 micrometers= 1.189 mils. 
4.5 Summary 
This chapter presented all information with regards to procedures 
used in the service application of the corrosion coulometer. Evaluation 
of the monitor is performed by comparing monitor readings at one site to 
69 
plate penetration values at that site, as well as comparing them to 
monitor readings at other bridge sites. Readings are expected to be 
highest at the two Michigan bridges, and lowest at the two Pennsylvania 
bridges. 
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Chapters -- Results and Discussion 
5.1 Introduction 
'-
Results for monitors are based on monitor readings, equal to the 
number of millicoulombs accumulated by the coulometer, as read in the 
laboratory after obtaining the coulometer from a site. Plate results are 
obtained by mass loss determination in the laboratory after retrieving 
plates from a site. This mass loss can be converted to mils of 
penetration, as discussed previously. Thus, the results discussed in this 
section consist of monitor readings in millicoulombs and plate 
penetrations in mils. 
5.2 Mountaintop Site 
Ten monitors were installed on surfaces of a cross section of a 
weathering steel beam at Lehigh University's Mountaintop Campus in May, 
1989. Section 4.3 of this thesis describes the test. Readings are still 
being made. 
Locations of the ten monitors are shown in Figure 4.6. Appendix B 
contains a listing of data for monitor "A36". Individual readings for a 
given date of removal are given, as well as the cumulative reading 
("AREADING"). The number of days since the initial installment is also 
shown. Note that two of the monitors, "A588A" and "A588E" 
' 
were 
vandalized in September, 1989, preventing further readings. 
Figure 5.1 is a graph of cumulative monitor readings versus days of 
exposure. Plotted are the readings of the eight monitors which are still 
on the beam-,.:-- "Figures 5. 2 and 5. 3 break down these plots into two groups; 
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those monitors on the top surface of the top flange are plotted in Figure 
5.2, and those on the web faces (vertical position) and top surface of the 
lower flange are plotted in Figure 5. 3. 
noted in all three figures. 
Days of salt application are 
.l 
., 
The general trend for the cumulative monitor readings is a slight 
leveling off after a certain time, then a major response occurs due to 
salt applications. Readings again begin to level off after the fifth salt 
application due to the large period of time between the fifth and sixth 
application of salt. A sharp cumulative reading increase can again be 
seen after the sixth and final salt application, after which readings 
level off once again. As intended, the leveling off of the readings 
mimics typical plate corrosion penetration curves. This is due to the 
development of a protective oxide coating on the steel screens. 
All monitor screens, except for the stainless steel screens, are 
'' ~, 
rusting. The more exposed monitors rusted first.\ 
Table 5 .1 summarizes the Mountaintop data. Cumulative monitor 
readings are listed at key points in time. The cumulative readings of the 
four monitors on the top surface of the top flange are shown in Figure 
5.2. These four monitors receive direct rainfall and sunshine. Two 
observations can be made: 
.. 
1. The stainless steel screen monitor ( 11 SS") readings are an order 
of magnitude smaller than the readings of ithe other three monitors, yet 
• 
display a similar trend. This monitor only produces readings for the 
first month and for months when salt applications are made, with all other 
readings minimal, essentially equal to zero. 
2. The other three monitors, "A588C", "A588D" ,· and "A36", respon4 
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Table 5.1 Cumulative Monitor Readings at Mountaintop Campus 
Days of 
Exposure 
0 
110 
194 
411 
Salt 
Cumulative Reading, MILLICOULOMBS 
A36 A588C A588D SS 
0.0 
57,000 
90,000 
370,000 
0.0 
59,000 
88,000 
342,000 
0.0 
52,000 
80,000 
326,000 
0.0 
1,600 
1,600 
4,500 
Difference: 280,000 
Salt 
254,000 
3.9 
246,000 
4.1 
2,900 
2.8 Magnif. 
Days of 
Exposure 
0 
110 
194 
411 
Salt 
• 
• 
4.1 
Cumulative Reading, MILLICOULOMBS 
A588B A588F A588G A588H 
0.0 
2,500 
4,900 
411,000 
0.0 
64,000 
78,000 
513,000 
0.0 
5,500 
10,000 
211,000 
0.0 
59,000 
74,000 
303,000 
Difference: 406,000 
Salt 
435,000 
6.6 
201,000 
21 
229,000 
4.1 Magnif. • . 84 
Days of 
Exposure 
Cumulative Reading, MILLICOULOMBS 
0 
110 
Significance of Days: 
A588A A588E 
0.0 
35.3 
0.0 
19.7 
110 - Day readings stopped on "A588A" and "A588E" 
194 - Last day before salt applications 
411 - Current reading (includes 6 salt applications) 
Salt Difference = Difference in cumulative readings between 
Day# 194 and Day# 411. 
Salt Magnification= Ratio of cumulative reading at Day# 411 
to cumulative reading at Day# 194. 
----------------------
----------------------
----------------------
--------
approximately linear with time until salt is applied, then produce a sharp 
increase whenever salt applications a~e made. Cumulative readings at the 
current exposure date are approximately four times greater than the 
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cumulative readings before salt was applied. These three monitors show 
the same trends throughout the whole test, proving that the monitors 
produce consistent results. The monitor fabricated from A36 steel has 
slightly higher readings throughout the whole test. Readings should not 
, differ until the A588 steel screens develop a protective oxide coating. 
Cumulative readings on July 7, 1990 (Day # 411) for monitors "A588C" and 
"A588D" are within 5% of each other, proving their consistency. 
Monitors on the top surf aces of the bottom webs ( "A588F" and 
''A588H") are exposed to slightly worse atmospheric conditions than the 
monitors on the top surf ace of the top flange. Rain is able to fall 
directly on these monitors, but sunshine dries the monitors only at 
certain times of the day. The monitor facing north, "A588F" also 
' 
receives less sunshine than the monitor facing south, "A588H". These two 
monitors also collect rust which has flaked off the webs and lower surface 
of the top flange, increasing their readings. 
follows: 
Observations are as 
1. Monitor readings are initially higher than those for monitors on 
the top surface of the top flange, then they level off. This leveling off 
is due to less rainfall during the fall season and the development of a 
protective oxide coating on the weathering steel screens. Readings are 
very consistent between the two monitors, with the cumulative readings at 
a date just before salt application as follows: 
Monitor "A588F": 
Monitor "A588H": 
78,000 millicoulombs 
74,000 millicoulombs 
These readings are within 6% of each other. 
2. Salt dramatically increases the readings. Cwnulative readings 
of monitor "A588H" increase by a factor of 4. 1 before versus after 
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salting, while those of monitor "A588F" increase by a larger factor equal 
to 6.6. This higher increase is due to less sunshine falling on monitor 
"A588F" due to its northern exposure, as compared to the southern exposure 
of monitor "A588H". 
Monitors on the web surfaces, "A588G" and "A588B", receive little 
direct water, rain only falls on these monitors when there are high winds. 
Until the first salt application, these monitors give very small readings, 
producing a current only when wetted by wind and rain for a particular 
time interval. Salt applications reveal their greatest effect on these 
two monitors, producing increases in reading equal in magnitude to those 
of the other more exposed monitors yet more dramatic when one considers 
the minimal readings of these monitors before salting. These two monitors 
show the most dramatic reading increases because they are not washed by 
• rain. Salt collects in these monitors, remains on the screens, and 
produces readings even in the summer. The monitors are thus responding to 
condensation on their screens. This condensation occurs whenever a 
critical relative humidity is exceeded. 
The web monitor which faces north, "A588B", gives higher readings 
than the one facing south, "A588G", demonstrating the effect of less 
drying due to less sunshine. 
It is interesting to note that the two less exposed monitors facing 
north, "A588B" and "A588F", produce increases due to salting of the same 
magnitude, approximately equal to 420·, 000 millicoulombs. The two monitors 
facing south, also show an equal • increase, of "A588H" and 11 AS88G" 
' 
.. approximately 215,000 millicoulombs. It appears that these monitors are 
responding only to condensation and different drying conditions, although 
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of these monitors the ones which receive direct rainfall, "A588F" and 
\ 
"A588H", do give slightly higher readings than the monitors which don't, 
"A588B" and "A588G". 
The two monitors which were vandalized, ''A588A" and "A588E", had 
minimal readings while installed, effectively equal to zero when 
considering the magnitude of the other monitor readings. The importance 
of these two monitor readings was overlooked at the time. The bottom 
surfaces of the top and bottom flanges were rusting along with the rest of 
the beam due to atmospheric conditions such as high humidity and 
pollution, yet the monitors were not demonstrating this effect. The 
effect of salt applications on these monitors can not be determined due to 
the theft of these monitors before salt was applied. 
The Mountaintop monitors have performed ideally. Monitors respond 
consistently to the effects of variable rainfall and variable drying 
conditions. Those monitors receiving less rainfall produce lower readings 
than those which are rained on. Salting, the major cause of accelerated 
corrosion on actual weathering steel bridges, has a dramatic effect on 
monitor readings. Salted monitors which receive little direct rainfall 
are still producing readings. The only poorly performing monitors at the 
Mountaintop site were the monitors which did not receive any direct 
rainfall. 
5.3 Bridge Sites 
Plate penetration curves will be presented first, followed by 
information on monitor performance. 
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5.3.1 Plate Penetrations 
Each sheltered bridge site will have two corrosion penetration 
curves, one for A36 carbon structural steel with copper and one for A588 
weathering steel. 
5.3.1.l Comparisons of Curves Between Bridge Sites 
Figure 5.4 shows all ten corrosion penetration curves for the plates 
installed in December, 1989 or January, 1990 for all five bridge sites. 
Figures 5.5 through 5.9 plot the two curves for each individual site. 
Figures 5.5 and 5.6 plot an additional point for the plates installed on 
March 15, 1990 and removed July 19, 1990 (exposed for four months). 
Typical plate data is listed in Appendix C, which contains data for the 
Eight-Mile Road Bridge. Table 5. 2 lists all plate penetration values 
which are plotted in Figures 5.4 through 5.9. 
----------------------------------------
----------------------------------
Table 5.2 Corrosion Penetration Per Side In MILS 
Bridge & Plate 
Material 
Bethlehem-A36 
Bethlehem-A588 
Newark-A36 
Newark-A588 
1 
0.095 
0.098 
0.113 
0.144 
Montoursville-A36 0.070 
Montoursville-A588 0.095 
8Mile-Detroit-A36 0.189 
8Mile-Detroit-A588 0.208 
I96-Detroit-A36 
I96-Detroit-A588 
0.127 
0.173 
END OF MONTH# 
(Winter Exposure) 
2 3 4 5 
0.200 
0.189 
0.231 
0.320 
0.143 
0.159 
0.302 
0.361 
0.245 
0.311 
0.298 
0.307 
0.320 
0.429 
0.200 
0.230 
0.585 
0.777 
0.459 
0.544 
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0.287 
0.323 
0.365 
0.444 
0.260 
0.271 
0.638 
0.897 
0.504 
0.626 
0.337 
0.334 
0.436 
0.553 
0.306 
0.326 
0.781 
1.086 
0.515 
0.686 
6 
0.346 
0.336 
0.520 
0.639 
0.331 
0.351 
0.852 
1.189 
0.596 
0.732 
(March 
Exposure) 
4 
0.150 
0.144 
0.216 
0.199 
/ 
The following observations can be made: 
1. The corrosion curves display a wide spread in values obtained at 
the bridge sites, with penetration values up to four times greater between 
the least and most • corrosive Values differ between sites sites. 
initially, and appear to be continually spreading. The wide range of 
values was exactly what was desired, so that comparisons of monitor 
readings could be made between sites of higher and lower corrosivity. 
2. The Eight-Mile Road Bridge site is clearly the most corrosive 
site, followed by the site at I-96 and US-24. Slightly less . corrosive 
than these two sites is the New Jersey Turnpike site. Least corrosive are 
the Bethlehem and Montoursville sites. The effect of traffic spray on 
plate penetration values is thus clearly seen, as the two Pennsylvania 
test setups are not above traffic, while the other sites are. 
Table 5.3 lists corrosion penetrations for a given time interval. 
Thus, the Bethlehem A36 value for month two to month three, equal to 0.098 
mils, is calculated by subtracting the penetration after two months from 
the penetration after three months. 
Bethlehem, Montoursville, and Newark show their highest penetrations 
for a time interval during the first or second month. On the other hand, 
the two Michigan bridges show their greatest increase during the third 
month. In fact, the A588 panel at Michigan's Eight-Mile Road Bridge has 
a 0.416 mil penetration increase for the third month, greater than the 
actual final six month penetration value for all plates at Bethlehem and 
Montoursville. A factor not yet understood maybe responsible for this 
phenomenon, such as a heavy snowfall in Michigan during the third month. 
Future analysis of weather factors should reveal the answer. 
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Table 5.3 Corrosion Penetrations For A Given Time Interval In MI~ 
Bridge & Plate 
Material 
Bethlehem-A36 
Bethlehem-A588 
Newark-A36 
Newark-A588 
Montoursville-A36 
Montoursville-A588 
• 
8Mile-Detroit-A36 
8Mile-Detroit-A588 
I96-Detroit-A36 
I96-Detroit-A36 
0 - 1 
0.095 
0.098 
0.113 
0.144 
0.070 
0.095 
0.189 
0.208 
0.127 
0.173 
Month Interval 
1 - 2 2 - 3 3 - 4 
0.105 
0.091 
0.118 
0.176 
0.073 
0.064 
0.113 
0.153 
0.118 
0.138 
0.098 
0.118 
0.089 
0.109 
0.057 
0.071 
0.283 
0.416 
0.214 
0.233 
-0.011 
0.016 
0.045 
0.015 
0.060 
0.041 
0.053 
0.120 
0.045 
0.082 
4 - 5 
0.050 
0.011 
0.071 
0.109 
0.046 
0.055 
0.143 
0.189 
0.011 
0.060 
5 - 6 
0.009 
0.002 
0.084 
0.086 
0.025 
0.025 
0.071 
0.103 
0.081 
0.046 
--------------------------------------------------------------------------
3. Differences in the A588 versus A36 curves grow greater as the 
magnitude of the corrosion penetrations increase. In other words, as 
environments • corrosive, • 1s more advantageous it to grow more use 
weathering steel. Bethlehem and Montoursville show virtually identical 
curves for A588 and A36 panels, while the A588 and A36 curves grow further 
• 
apart with time for Newark, I-96 and US-24, and Eight-Mile Road. 
4. The March exposure panels removed in July (4 months of exposure) 
illustrate the effect initial exposure season has on the panel 
penetration. Only Bethlehem and Newark 4-month panels have been collected 
; \ 
so far. These penetration values were about 1/2 of the values generated 
after four months by the respective panels installed in December. An 
initial installment in the winter months thus causes higher penetration 
curves. Future collection of project data will clarify this matter. 
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5.3.1.2 Comparisons to Existing Data 
Comparisons of curves generated in this project to curves from 
existing data are not yet possible due to the different time frames 
involved. The sixth and final point on curves from this project 
corresponds to the first point on some existing curves, or other times the 
first point on these existing curves corresponds to the end of the first 
year. Therefore, comparisons are limited to 1/2 year penetration values. 
After six months, penetrations of weathering steels at Eight-Mile 
Road and I-96 & US-24 are 1.189 mils and 0. 732 mils, respectively. Values 
reported in Table 3.1 show ave~age 1/2 year values for the Eight-Mile Road 
Bridge equal to 0.47 mils, and Table 2.3 shows a 0.67 mil penetration for 
a nearby rooftop exposure. Penetration values in this project are 
significantly higher than existing penetration values. 
At Newark, the A588 penetration in this project is 0.639 mils after 
1/2 of a year, which appears to compare well to reported values for 1 year 
in Table 3. 2, taking into account that the corrosion rate for this 
project's exposure is decreasing. 
There is no existing sheltered exposure penetration data for 
Bethlehem or Montoursville, so direct comparisons are not possible. 
Comparison to open exposure values obtained at Bethlehem and rural 
Pennsylvania, such as in Figures 2.6 and 1 2.7, reveals that the 
penetrations obtained in this project are lower than as predicted by these 
curves. 
The corrosion penetration curves generated in this project show 
trends as expected, with t];ie Michigan curves clearly illustrating the 
corrosion problems which occur there. Exact test conditions of existing 
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data can not be duplicated, so differences should be expected. The winter 
initial exposure used in this project has caused the high penetration 
values obtained. In s11mmary, penetration curves of varying nature and 
magnitude have been recorded, exactly as desired in order to test the 
performance of the corrosion coulometer. 
5.3.2 Monitor Readings 
Two stainless steel screen monitors, two A36 steel screen monitors, 
and two A588 steel screen monitors are installed at each of the five 
bridge sites. The performance of unsalted monitors, salted monitors, and 
new design monitors will be discussed. 
5.3.2.1 Unsalted Monitors (Monitors As Originally Installed) 
Table 5.4 lists all corrosion coulometer readings in millicoulombs 
for the unsalted monitors on each bridge for a given month. Half the 
I monitors on each bridge were salted at the end of the second or third 
month, thus their readings are not listed after this time. Figure 5.10 is 
a graph of the A36 steel screen and A588 steel screen cumulative monitor 
readings at each bridge site, and Figures 5.11 through 5.15 show 
cumulative plots for each individual site. The A36 and A588 monitors, 
unsalted throughout the whole test, are plotted in these figures. 
The following observations can be made: 
1. The most striking result' is the low magnitude of readings. 
Readings below 1. 0 millicoulombs are frequent and most common. When 
taking into account residual '1oulomete·r 'j'readings, these low readings can 
be effectively taken equal to zero. These zero readings occurred most 
/ 81 
' 
. . 
-
Table 5.4 Unsalted Monitor Readings For All 5 Bridge Sites 
Readings, MILLICOULOMBS 
Month Day BETHLEHEM, PA 
# # ss ss A36 A36 A588 A588 
1 34 0.5 0.1 0.4 0.2 0.4 0.3 
2 64 0.1 0.1 0.2 11 0.4 0.5 
3 98 0.5 - - - 31 - - - - - - 0.2 
4 126 0.4 - - - 0.1 - - - - - - 49 
5 162 0.2 - - - 0.6 - - - - - - 1.1 
6 195 7.1 - - - 0.8 - - - - - - 1.7 
NEW'ARK, NJ 
1 29 0.3 0.2 0.2 9.1 0.3 0.3 
2 57 0.1 0.0 0.2 0.2 0.2 0.2 
3 84 0.2 - - - 1.1 - - - 0.8 - - -
4 112 1.4 - - - 1.1 - - - 12 - - -
5 147 0.1 - - - 390 - - - 4.6 - - -
6 181 0.3 - - - 1.7 - - - i. 6 - - -
MONTOURSVILLE, PA 
1 30 1.3 2.9 1.6 1.1 0.7 3.5 
2 63 0.2 0.1 0.5 1.2 0.2 0.2 
3 92 0.1 - - - 1.0 - - - 0.7 - - -
4 128 2.2 - - - 0.1 - - - 1.8 - - -
5 161 - 0.1 1.0 6.7 - - - - - - - - -
6 190 1.3 - - - 1.3 - - - 2.1 - - -
8-MILE ROAD BRIDGE, DETROIT, MI 
1 28 3.9 0.2 0.6 0.5 0.3 0.3 
2 56 1.1 0.1 0.3 27 4.4 2.1 
3 91 0.1 0.1 840 56 880 36 
4 119 0.4 - - - 11 - - - 17 - - -
5 149 0.9 - - - 7.9 - - - 58 - - -
6 175 0.1 - - - 5.7 - - - 40 - - -
I-96 & US-24 BRIDGE, DETROIT, MI 
1 28 0.3 0.2 0.3 0.2 0.2 1.0 
2 56 0.2 12 0.6 110 0.4 1.4 
3 91 0.1 0.2 7.8 2,600 34 140 
4 119 0.1 - - - 540 - - - 3.5 -- -
5 149 0.1 - - - 360 - -- 170 - - -
6 175 0.2 - - - 0.9 - - - 1.2 - - -
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often during the first two to three months. 
The small magnitude of these readings can be realized when comparing 
them to ones taken at the Mountaintop site. Mountaintop monitors which 
were exposed to direct rainfall, those on the top surface of the top and 
bottom flanges, experienced average monthly readings of 12,000 
millicoulombs, even without salt applications. Monitors on the vertical 
web surfaces, which received some rain, averaged monthly readings of 1,000 
millicoulombs. The highest recorded monthly reading at a bridge site is 
only 2600 millicoulombs, with most readings under 10.0 millicoulombs. The 
bridge monitors compare well to Mountaintop monitors "A588A" and "A588E", 
whose respective average monthly readings were approximately 5 and 9 
millicoulombs, respectively. 
Monitors tested in the lab, which were filled up completely with 
water and allowed to dry, gave an average reading of 700 millicoulombs. 
Obviously, bridge monitors are not wetted as much as the Mountaintop or 
lab monitors. No leaky joint conditions existed at the bridge sites. 
2. The other significant result can be seen clearly in Figure 5.10. 
It appears that it takes several months for a monitor response to develop, 
as definite readings occur at some of the sites after three months. If 
one looks at the trend in this figure, one would conclude that the Eight-
Mile Road Bridge was the most corrosive site, followed by the I-96 & US-24 
site, the New Jersey Turnpike site, the Bethlehem site, and the 
Montoursville site. This is the exact same pattern as that of the plate 
penetration curves. Definite non-zero readings are occurring at the two 
most corrosive sites (Michigan) for the last four months of the six month 
test. 
-· .~--
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3. All A36 and A588 monitors at Eight-Mile Road and 1-96 & US-24 
produced significant readings during the third month, including the three 
highest recorded monthly readings at a bridge. Salt innoculations to the 
monitors were not performed until the end of this month, so all monitors 
are still unsalted. The third month is the month when the plates at 
Michigan had their highest penetration. Obviously, the monitors are 
responding to the same factor which • 1S causing the extreme plate 
penetrations during this month. 
4. The stainless steel monitor readings are not significant due to 
their small magnitude. Of the 42 recorded readings for stainless steel 
monitors listed in Table 5.4, only ten are greater than 1.0 millicoulombs. 
Taking into account residual coulometer readings, these below 1.0 readings 
are effectively equal to zero. Average stainless steel monitor readings 
in the laboratory for a wet/dry cycle (completely fill up monitor with 
water and let dry) are 150 millicoulombs. The bridge stainless steel 
monitors are not wetted significantly, causi·ng their readings to be 
extremely small and, therefore, unreliable. 
5. More time is needed to verify if the monitors will continue to 
produce readings. Response to next year's winter season must be recorded 
and analyzed. 
5.3.2.2 Salted Monitors 
,· 
'· 
.. ) " 
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The corrosion coulometer (1989 design) responds well when subject to 
direct wetness as docwnented in ATLSS Report No. 88-07 [White-88] and as 
experienced on certain portions of the Mountaintop site beam. The 
coulometers were designed to accommodate direct rainfall and were 
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successfully tested in locations receiving direct rainfall. When subject 
to "sheltered" conditions at the Mountaintop site, on the bottom surfaces 
of the top and bottom flanges, and for the first two months at all five 
bridge sites, the monitors yield readings effectively equal to zero. 
Since most weathering steel bridge girders are sheltered by the bridge 
deck above them yet still corrode, a monitor is needed that can take into 
account an atmospheric factor such as condensing humidity. 
A test of the effects of humidity was then performed on the 
corrosion coulometer (1989 design). A bucket was filled halfway with hot 
water, six monitors were placed on a rack above the surface of the water, 
and the lid was placed on the bucket for specific periods of time. The 
monitors experienced 100% relative humidity (RH) in this bucket, although 
test conditions were not exactly equal from test to test. Condensation 
occurred on several areas of each monitor. Unfortunately, even under 
these extreme humidity conditions, monitor readings were still extremely 
small, as can be seen in Table 5.5. 
A corrective action taken was the application of salt water to each 
monitor. A solution of 3% salt water was poured into each monitor, which 
was then allowed to dry. Each salted monitor was then subjected to 100% 
--------------------------------------------------------------------------
Table 5.5 Monitor Readings Subject To 100% Relative Humidity (Unsalted) 
Time Reading (MILLICOULOMBS) 
1 Hour 0.5 
2 Hours 0.5 
6 Hours 0. 5· 
12 Hours 1.0 
18 Hours 1.1 
24 Hours 1.2 
48 Hours 3.6 
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RH in the laboratory. The salt, which was left on the steel screen after 
drying, absorbed moisture, wetted the steel screen, and thus enabled a 
current between the steel and copper. Significant readings were produced 
• only after one hour in the bucket (100% RH). The average reading for one 
hour was approximately 100 millicoulombs. 
The success of applying salt to the monitors in the laboratory along 
with the response of salted monitors at the Mountaintop site prompted the 
extension of this salting procedure to the bridge site. Half the monitors 
at all five bridge sites were innoculated with the salt water. Bethlehem, 
Montoursville, and Newark monitors were salted at the end of the second 
,c 
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month, while both Detroit bridges were salted at the end of the third 
month. Table 5. 6 displays all salted monitor readings for all five 
bridges, Figure 5.16 graphs this information, and Figures 5.17 through 
5.21 break down the plots for each bridge site. 
Readings for the first month after salting are extremely high due to 
the fact that the monitor is responding to the water with which it was 
filled up with. Laboratory estimates for resulting readings from filling 
a monitor up with salt water are between 40,000 to 60,000 millicoulombs, 
about equal to the bridge salted monitor readings for the first month. 
The salted monitor readings at Bethlehem are initially high and remain 
high, perhaps due to a larger amount of salt water poured into the 
monitors at the time of initial salting, different humidity or drying 
conditions. 
The general trend of the salted monitor readings at all sites is a 
• 
leveling off with time, as expected. Readings at Bethlehem and Newark are 
higher than at other sites, for unknown reasons. Readings for the 
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Table 5.6 Salted Monitor Readings For All 5 Bridge Sites 
Readings, MILLICOULOMBS 
Month Day 
# # 
1 34 
2 64 
3 98 
4 126 
5 162 
6 195 
1 29 
2 57 
3 84 
4 112 
5 147 
6 181 
1 30 
2 63 
3 92 
4 128 
5 161 
6 190 
1 28 
2 56 
3 91 
4 119 
5 149 
6 175 
1 28 
2 56 
3 91 
4 119 
5 149 
6 175 
BETHLEHEM, PA 
ss 
0.1 
SALTED on 0.1 
day 64 1,900 
0.2 
0.1 
0.7 
NEWARK, NJ 
0.2 
SALTED on 0.0 
day 57 1,200 
0.6 
0.2 
0.5 
MONTOURSVILLE, PA 
2.9 
SALTED on 0.1 
day 63 1,900 
0.1 
0.4 
1.7 
A36 
0.2 
11.4 
101,000 
34,000 
12,000 
3,800 
9.1 
0.2 
74,000 
2,200 
760 
380 
1.1 
1.2 
46,000 
880 
940 
720 
8-MILE ROAD BRIDGE, DETROIT, MI 
0.2 0.5 
0.1 27 
SALTED on 0.1 56 
day 91 3,800 57,000 
0.1 1,900 
0.1 280 
' I-96 & US-24 BRIDGE, DETROIT, MI 
0.2 0.2 
12 110 
SALTED on 0.2 2,600 
day 91 270 51,000 
0.4 17,000 
a 0.2 7,100 
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A588 
0.4 
0.4 
85,000 
35,000 
16,000 
9,600 
0.3 
0.2 
51,000 
2,700 
750 
270 
3.5 
0.2 
46,000 
860 
900 
590 
0.3 
2.1 
36 
37,000 
530 
350 
1.0 
1.4 
140 
32,000 
4,400 
2,300 
/ 
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stainless steel screen monitors return to zero after the initial reading, 
further proving their unworthiness. The stainless steel monitor reading 
at Bethlehem was higher than at other sites, again suggesting specific 
site differences. More time is required to fully analyze the effect of 
this salting procedure. Readings will be taken monthly for the next year, 
allowing the effect of next year's winter season to be evaluated. 
5.3.2.3 New Designs 
• Another corrective action taken lS the development of a new 
corrosion coulometer, the "1990 design". When testing the • corrosion 
coulometers (1989 design) under 100% relative humidity conditions in the 
laboratory, no readings were recorded despite surface wetness on most 
parts of the monitor. The new monitor, the 1990 Design, hopes to correct 
this by making the connection between steel and copper even simpler. The 
new monitor, as seen in Figure 4.4, consists simply of a steel screen and 
a copper screen separated by filter paper connected with a weatherproof 
connection containing the coulometer. Copper and steel screens are 
identical in design to those pictured at the bottom of Figure 4.1. When 
one of the screens collects moisture, the filter paper will become wet and 
therefore wet the o'ther screen. This differs from the old design in which 
the glass beads or the copper cap would be wet from condensation while the 
steel screen would remain dry. The new monitor is expected to generate a 
current, and therefore a reading, anytime the relative humidity reaches a 
critical value which causes condensation on one of the screens. 
The corrosion coulometer (1990 design) was tested in the laboratory 
under 100% RH conditions. As can be seen in Figure 5.22, it does produce 
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-significant readings. It was next tested at an outdoor location sheltered 
from rainfall but exposed to other atmospheric conditions such as 
humidity. Figure 5.23 shows that readings only occur on days when the 
relative humidity was high. Relative humidity values greater than 90% 
causes readings of approximately 15 millicoulombs per day, humidity of 60% 
causes readings of approximately 1.0 to 2.0 millicoulombs per day, and 
humidity below 40% results in readings near 0.0 millicoulombs per day. 
Four of these new corrosion monitors are presently being tested at 
the Bethlehem, PA bridge site. Table 5.7 shows the readings of these 
monitors. Ignoring one extremely high value, the readings are consistent 
with each other. The readings also vary each month, showing that they are 
responding to different humidity conditions each month. 
--------------------------------------------------------------------------
Table 5.7 New Design (1990 Design) Monitor Readings at Bethlehem Site 
Readings, MILLICOULOMBS 
Days of 
Exposure 
28 
64 
97 
126 
#2 
52 
71 
21 
54 
Monitor Number 
#7 #3 
15 
46 
670 
49 
26 
67 
19 
51 
#6 
34 
70 
17 
55 
--------------------------------------------------------------------------
Humidity above a certain value is known to cause corrosion on steel 
surfaces, thus this new corrosion monitor (1990 design) appears to be well 
suited to·-applications on steel girders in sheltered locations. The 
success of this design generated yet another design, this one attempting 
to acc~unt for the thermal mass of the bridge. 
i 
,.I • ,-.J;. ' 'l) 
~This design, pictured in Figure 4.5, has a steel screen (as before) 
,,. 
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attached to a larger copper plate with filter paper separating the two. 
The copper plate will be attached directly to the steel girder surface 
under study. The thermal mass of the bridge causes the temperature of the 
bridge steel to differ from the air temperature, as it takes several hours 
for the bridge steel to respond to an air temperature change. A sharp air 
temperature rise causes condensation on the bridge steel, • causing 
corrosion. The copper plate in this new design will be at the same 
temperature as the bridge·steel, and water will condense on it any time 
there is a temperature rise, causing a reading. 
This design is currently under evaluation under 100% relative 
humidity conditions in the laboratory, with future bridge tests probable. 
5. 4 S11mmary 
This chapter discussed results of the corrosion coulometer after six 
months of study on actual bridges. The corrosion penetration curves 
generated from plates installed at each site clearly demonstrate the high 
corrosion problems in Michigan. Curves of varying nature have been 
recorded with hope that the corrosion coulometer readings would reflect 
this. 
Monitors at the Mountaintop site performed exactly as intended, 
producing dramatic increases in reading in response to salt use. Monitors 
at sheltered bridges did not perform as well as those at unsheltered 
sites. Readings are small, and when they do occur they are erratic. It 
does appear that more definite readings are occurring at the Michigan 
sites, including a clear response from all eight monitors (A36 and A588 
screens) during the third month. This third month was the month that the 
90 
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plates had their highest corrosion penetrations. 
continued to verify if this trend will continue. 
• 
Readings must be 
Steps were taken to improve the monitor's response to the drier 
conditions found under a bridge. Salt was applied to half the monitors on 
each bridge, with the result that definite readings are being produced. 
These readings appear to be leveling off with time, as desired. New 
designs are currently being evaluated in the laboratory and field. These 
designs are more sensitive to factors promoting condensation. Four of 
these monitors have been installed at one site and are producing definite, 
consistent readings. 
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Chapter 6 -- s,,mmary, Conclusions, and Recommendations 
6.1 Introduction 
The suitability of the corrosion coulometer for evaluating the 
corrosive nature of weathering steel bridge microenvironments is reported 
in this thesis. 
6.2 Experimental Work 
The corrosion coulometer was exposed at six sites; on a weathering 
steel beam at Lehigh's Mountaintop Campus, and on actual weathering steel 
bridges in Bethlehem, PA, Newark, NJ, Montoursville, PA, and Detroit, MI 
(two sites). 
Eight monitors are still • • 1n service at the Mountaintop • site, 
' 
approximately 400 days after their initial installment, in May of 1989. 
Weathering steel screen monitors are in place on different surfaces of the 
cross section of the beam. One A36 steel screen monitor and one stainless 
steel screen monitor are also in place. The beam and monitors are sprayed 
with a salt solution any time snow falls, mimicking deicing salt use on 
actual highways. 
At each bridge site six monitors are in place, including two 
weathering steel screen monitors, two A36 steel screen monitors, and two 
stainless steel screen monitors. Adjacent to the monitors are A36 and 
A588 4" x 6" steel plates. Moni.tor readings and plate mass loss 
determinations have been made monthly since initial installment, which was 
in December of 1989. Evaluation of the monitor is performed by comparing 
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monitor readings at one site to plate penetration values at that site, as 
well as comparing them to monitor readings at other bridge sites. 
6.3 Conclusions 
The corrosion coulometers in service at the Mountaintop site 
performed and are still performing ideally. Variable rainfall and drying 
conditions which exist around the cross section of the beam are reflected 
by the variable monitor responses. Salting has a dramatic effect on 
monitor readings. Salted monitors which receive little direct rainfall 
are still producing readings, indicating a response to condensation on the 
monitor. Poor monitor performance did occur on monitors which received 
little direct rainfall prior to salting. 
For the most part, monitors at the sheltered bridge sites did not 
perform as well as those at unsheltered sites, but it does appear that the 
monitors at the Michigan sites are responding to corrosion promoting 
factors. A high response was produced by all eight monitors (excluding 
the stainless steel screen monitors) at Michigan during the third month of 
exposure, the same month that the adjacent steel plates had their highest 
penetration. Most other monitor readings are small and erratic, due to 
dry conditions found under a bridge as compared to the wet exposed 
conditions experienced by monitors situated at the Mountaintop site. 
r 
Laboratory investigations were undertaken to better understand this 
lack of readings. Corrosion coulometers subject to 100% RH conditions in 
the laboratory still produced zero readings. At that point in time 
modifications to the monitor design were necessary. 
A salt solution was applied to monitors in the laboratory. After 
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drying, salt particles remained on the steel screens of the monitors. 
When subject to high RH conditions, a clear response was shown. The 
salting procedure was extended to the bridge sites in March of 1990. 
Monitors are producing readings at all sites, with the cumulative readings 
leveling off with time, as expected. 
Another step taken was to alter the design of the monitor. A 
simpler design consisting of steel and copper screens sandwiched together 
was chosen. This design was more sensitive to factors promoting 
condensation, as demonstrated by their ability to produce readings when 
subject to 100% RH conditions in the laboratory. Results from one bridge 
site are also positive. This design is currently being altered so as to 
make it more sensitive to the thermal heat capacity of a bridge. 
6.4 Reconunendations For Future Work 
Further investigations are necessary to come to a conclusion on the 
monitor as originally designed and to evaluate the modified designs. 
Recommendations are as follows: 
1. Continue servicing of monitors. Monitors must be read every 
month to establish their consistency and to evaluate their response to 
next year's winter season. New monitors recently developed must also be 
field evaluated to test their consistency. 
2. Continue servicing of plates. Plates initially installed will 
be removed at the end of 12 months, in December of 1990, and at the end of 
18 months, in June of 1991. Plates which were installed in March, May, 
and July of 1990 must also be serviced. 
variable season of initial exposure. 
94 
These plates provide for a 
3. Attempt to correlate hourly weather observations of temperature, 
dew point, relative humidity, wind direction, wind speed, and other known 
variables such as salt application to the corrosion penetration of plates 
and to monitor readings. Data from four weather stations in the vicinity 
of the five bridge locations has recently been obtained from December of 
' 
1989 through April of 1990. 
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E-Cell (Coulometer) 
Steel Screw "'.....--~ 
Clips 
Glass Beads 
0-Rings 
Steel Screen 
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Drain Holes 
opper Cap (1.625" x 0.625") 
Split Tubing 
(insulation) 
FIGURE 1.1: THE CORROSION COULOMETER 
( original design -- 1988) 
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RUST PRECIPITATION 
GOOD OXYGEN SUPPLY DROP OF WATER 
ANODIC SITES 
FIGURE 2.1 ANODES AND CATHODES ON A STEEL SURFACE 
[LEIDHEISER-82] 
LOW OXYGEN SUPPLY 
CORROSION WITHIN CREVICE 
FIGURE 2.2 CREVICE CORROSION AREA: 2 PLATES OVERLAPPING 
[LEIDHEISER-82] 
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DESCRIPTION OF CORVES: 
Curve No. Type of Steel 
1 A588 Grade A 
2 A588 Grade A 
3 A588 Grade A 
4 A242 Type 1 
s Assa Grade B 
6 Weathering Steel 
7 A242 Type 1 
Exposure Site 
Loudwater, U.K. 
Silverdale, U.K. 
Brixham, U.K. 
Brixham, U.K. 
saylorsburg, Pa. 
Olpe, F.R.G. 
saylorsburg, Pa. 
FIGURE, 2. 3: . CORROSION PENETRATION OP WEATHERING STEELS 
EXPOSED :IN RURAL ENV:IRONMEKTS [ALBRECHT & HAEEM:I - 84] 
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DESCRIPTION OF CURVES: 
Curve No. 
1,2,3,5,9 
4 
6,7 
8 
10 
11 
12,14 
13 
15 
16 
17 
18 
Type of Steel 
A588 Grade A \ 
A242 Type 1 
Weathering Steel 
A242 Type 1 
Weathering Steel & 
A588 Grade A 
Low-alloy 
A242 Type 1 
AS88 Grade B 
A588 Grade B 
A242 Type 1 
A242 Type 1 
A242 Type 1 & 
A588 Grades A,G,H 
Exposure Site 
Four sites in U.K. 
Teesside, U.K. 
Two sites in F.R.G. 
Battersea, U.K 
Six sites in F.R.G. 
Bayonne, N.J. 
Pittsburgh, Pa. 
Bethlehem, Pa. 
Newark, N.J. 
Bethlehem, Pa. 
Newark, N.J. 
Two sites in Calif. 
FIGURE 2. 4: CORROSION PENE'l'RA'l'IOH OP WEATHERING S'l'EELS EXPOSED IN INDUSTRIAL ENVIRONMENTS [ALBRECHT & NAEEMI - 84] 
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DESCRIPTION OF CURVES: 
curve No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 & 10 
11 
Type of Steel 
WT St 37 & 52 
WT St 37 & 52 
Weathering Steel 
A588 Grade A 
A242 Type 1 & 
A588 Grade A 
Low-alloy 
Low-alloy 
A588 Grade B 
A242 Type 1 
A242 Type 1 & 
A588 Grades A,G,H 
Exposure Site 
50-m site, Sylt Island, FRG 
100-m site, Sylt Island, FRG 
cuxhaven, FRG 
Eastney, U.K. 
Rye, U. K. 
Block Island, R.I. 
Kure Beach, N.C. 
Kure Beach, N.C. 
Kure Beach, N.C. 
Point Reyes, ca. 
FIGURE. 2 • 5: CORROSION PENETRATION OF WEATHERING STEELS EXPOSED ~N MARINE ENVIRONMENTS [ALBRECHT & NAEEMI - 84] 
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FIGURE 2.10: CORROSION PENETRATION OF STEELS (MAYARI RISA WEATHERING 
STEEL) AT DETROIT, MICHIGAN; TEST NO. 2 [ZOCCOLA - 76] 
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FIGURE 4.5: TOP VIEW OF CORROSION MONITO"R 
(1990 Design -- New Design # 2) 
/ 
/ 118 
.. 
) 
A588C A5880 A36 SS 
A588A 
(NORTHERN FACE) (SOUTHERN FACE) 
'i' 
A588F A588H 
A588E 
FIGURE 4.6: MONITOR POSITIONS ON MOUNTAINTOP BEAM 
Fla ge Web 
onitors (2-Stainless Steel, 
2-A36, 2-A588) 
Steel 4" x 6" x 0.02" Plates 
• ( 8 A36 per bridge, 8 A588 per bridge) 
FIGURE 4.7: TOP VIEW OF BRIDGE SET UP 
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Appendix A 
Typical Bridge Data, from a-Mile Road in Detroit, MI. 
BRIDGE NAME: 8 MILE@ LODGE DETROIT, MICHIGAN 
DATE: 01/06/90 INITIAL INSTALLMENT 
MONITORS: 
Note: For corrosion monitor id's below, "SS" preceeding a 
letter indicates a stainless steel screen monitor, 11 3 6" 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
I I 
I I 
I SSH p 36J I I I -MONITOR I I LAYOUT I I 
I SSC Q 36F I I I 
I I 
I I 
PLATES: ALL INSTALLED 1/6/90 
PLATE LAYOUT: For plates, a "3" preceeding a letter 
indicates A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
INITIAL PLATE MASSES: 
PLATE ID 
._ 
\ 
~- _> C 
D 
E 
F 
DD 
EE 
FF 
GG 
3GG 
3HH 
3II 
3JJ 
3KK 
3LL 
3MM 
3NN 
~MASS (g) 
60.07138 
62.92430 
65.83928 
66.96390 
56.29000 
58.84785 
59.34090 
55.06580 
58.79813 
65.34570 
62.83090 
63.35020 
63.05455 
65.39280 
65.67068 
65.60673 
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BRIDGE NAME: 8 MILE@ LODGE DETROIT, MICHIGAN 
DATB: 02/03/90 END OF MONTH ONB f DAYS: 28 
• 
MONITORS: 
Note: For corrosion monitor id's below, "SS'' preceeding a 
letter indicates a stainless steel screen monitor, 11 36" 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
MONITOR 
LAYOUT 
Monitor 
I 
I 
' I
I 
' 
' I
I 
I 
Rea.dings: 
MONITOR 
SSH 
SSC 
p 
Q 
36J 
36F 
SSH 
SSC 
ID 
PLATES: ALL INSTALLED 1/6/90 
READING 
p 36J 
Q 36F 
(rnillicoulombs) 
3.9 
0.2 
0.3 
0.3 
0.6 
0.5 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
PLATE LAYOUT: For plates, a "3" preceeding a letter 
indicates A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
TIME IN SOLUTION 
(MINUTES) 
Initial 
3 
3 
3 
3 
PLATE F: 
MASS (g) 
66.96390 
65.83460 
65.80510 
65.78560 
65.76530 
PLATE 3KK: 
MASS (g) 
63.05455 
61.78385 
61.76015 
61.74185 
61.72680 
Allowing for a base metal loss of 0.017 grams/ 3 minutes of 
time in solution the mass losses are as follows: 
Mass loss of F = 1.13060 grams 
Mass loss of 3KK = 1.26170 grams 
SITE APPEARANCE: Visible wet salt film on plates. 
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BRIDGB NAKBI 8 MILE G LODGE DETROIT, MICHIGAN 
DATBI 03/03/90 END OF MONTH TWO f DAYS= 56 
• MONITORS: 
Note: For corrosion monitor id's below, "SS'' preceeding a 
letter indicates a stainless steel screen monitor, '' 36" 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
I 
I 
I SSH I MONITOR I LAYOUT I 
I SSC I 
I 
I 
Monitor Readings: 
MONITOR ID 
SSH 
SSC 
p 
Q 
36J 
36F 
PLATES: ALL INSTALLED 1/6/90 
p 36J 
Q 36F 
READING (millicoulombs) 
1.1 
0.1 
4.4 
2.1 
0.3 
27.3 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
PLATE LAYOUT: For plates, a "3" preceeding a letter 
indicates A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
TIME IN SOLUTION 
(MINUTES) 
Initial 
3 
3 
3 
3 
PLATE FF: 
MASS (g) 
59.34090 
57.59885 
57.52600 
57.48320 
57.46990 
PLATE 3NN: 
MASS (g) 
65.60673 
63.51725 
63.40510 
63.36855 
63.35540 
Allowing for a base metal loss of 0.017 grams/ 3 minutes of 
time in solution the mass losses are as follows: 
Mass loss of FF= 1.80670 grams 
Mass loss of 3NN = 2.18718 grams 
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BRIDGB NAME: 8 MILB G LODGE DETROIT~ MICHIGAN 
DATBI 04/07/90 END OF MONTH THREE f DAYS= 91 
MONITORS: 
Note: For corrosion monitor id's below, "SS" preceeding a 
letter indicates a stainless steel screen monitor, ''36" 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
I 
I 
I SSH I MONITOR I IAYOUT I 
I SSC I SSC,Q,36F I 
I 
Monitor Readings: 
MONITOR ID 
SSH 
SSC 
p 
Q 
36J 
36F 
p 36J 
Q 36F 
SPRAYED WITH 3% NaCl SOLUTION 
READING (millicoulombs) 
0.1 
0.1 
884.4 
36.0 
56.1 
844.3 
PLATES: ALL INSTALLED 1/6/90 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
PLATE LAYOUT: For plates, a "3" preceeding a letter 
indicates A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
TIME IN SOLUTION· 
(MINUTES) 
Initial 
6 
3,6 
3 
3 
PLATE E: 
MASS (g) 
65.83928 
62.89085 
62.38400 
62.27625 
62.26090 
PLATE 3MM: 
MASS (g) 
65.67068 
62.44610 
60.92150 
60.87115 
60.86030 
Allowing for a base metal loss of 0.017 grams/ 3 minutes of 
time in solution the mass losses are as follows: 
Mass loss of E = 3.49503 grams 
Mass loss of 3MM = 4.71453 grams 
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BRIDGE NAMBI 8 MILE 9 LODGE DETROIT, MICHIGAN 
DATE: 03/03/90 END OF MONTH THREE f DAYS= 91 
(CONTINUED FROM LAST PAGE) 
REINSTALLMENT OF FOUR PLATES: 
PLATE ID 
F 
3KK 
3NN 
FF 
NEW INITIAL MASS (g) 
65.74390 
61.71600 
63.34795 
57.46045 
153 ., 
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BRIDGB NAME: 8 MILE i LODGE DETROIT, MICHIGAN 
DATE·: 05/05/90 END OF MONTH FOUR f DAYS : 119 
MONITORS: 
Note: For corrosion monitor id's below, "SS'' preceeding a 
letter indicates a stainless steel screen monitor, "36" 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
I 
I 
I SSH p 36J I MONITOR I LAYOUT I 
I SSC Q 36F I 
I 
I 
Monitor Readings: 
MONITOR ID READING (millicoulombs) 
SSH (NO SALT) 
SSC (SALT #DAYS=28) 
P (NO SALT) 
Q (SALT #DAYS=28) 
36J (NO SALT) 
36F (SALT #DAYS=28) 
PLATES: ALL INSTALLED 1/6/90 
0.4 
3871.2 
17.2 
37172.2 
10.9 
56863.3 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
NOTE: For plates, a "3" preceeding a letter indicates a 
plate of A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
TIME IN SOLUTION 
(MINUTES) 
Initial 
15 
3 
3 
PLATED: 
MASS (g) 
62.92430 
59.08430 
59.05375 
59.03585 
PLATE 3HH: 
MASS (g) 
65.34570 
59.82430 
59.77190 
59.75620 
Allowing for a base metal~loss of 0.017 grams/ 3 minutes of 
time in solution the mass losses are as follows: 
Mass loss of D = 3.76945 grams 
Mass loss of 3HH = 5.47180 grams 
SITE APPEARAICE: Plates show uniform heavy corrosion on ·top 
surface. orr bottom surface greater corrosion is occurring 
·near edges, with the corrosion getting progressively lighter 
• 
as progress towards center. 
154 
BRIDGB Nl\MB: 8 MILE G LODGE DETROIT, MICHIGAN 
DATB1 o,/04/90 END OF MONTH FIVE f DAYS= 149 
.. 
MONITORS: 
Note: For corrosion monitor id's below, "SS" preceeding a 
letter indicates a stainless steel screen monitor, ''36'' 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
MONITOR 
LAYOUT 
Monitor 
I 
I 
I SSH p 36J I 
I 
I 
I SSC Q 36F I 
I 
I 
Readings: 
MONITOR ID 
SSH (NO SALT) 
READING {millicoulombs} 
0.9 
SSC (SALT #DAYS=58) 
P (NO SALT) 
Q (SALT #DAYS=58) 
36J (NO SALT) 
36F (SALT #DAYS=58) 
0.1 
58.3 
531.0 
7.9 
1944.3 
PLATES: ALL INSTALLED 1/6/90 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
NOTE: For plates, a "3" preceeding a letter indicates a 
plate of A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
TIME IN SOLUTION 
" (MINUTES) 
Initial 
15 
9 
3 
3 
PLATE C: 
MASS (g) 
60.07138 
55.41400 
55.36045 
55.33850 
PLATE 3JJ: 
MASS (g) 
63.35020 
57.90300 
56.62805 
. 56.61130 
Allowing for a base metal loss of 0.017 grams/ 3 minutes of 
time in solution the mass losses are as follows: 
Mass loss of C = 4.61388 grams 
Mass loss of 3JJ = 6.58615 grams 
SITE APPEARANCE: Plates show uniform heavy corrosion on top 
surface. On bottom surface greater corrosion is occurring 
near edges, with the corrosion gett·ing progressively lighter 
as progress towards center. 
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BRIDGB NAME: 8 MILE@ LODGE DETROIT, MICHIGAN 
DATE: 0&/30/90 END OF MONTH SIX f DAYS= 175 
MONITORS: 
Note: For corrosion monitor id's below, "SS'' preceeding a 
letter indicates a stainless steel screen monitor, "36'' 
preceeding a letter indicates an A36 steel screen monitor, 
otherwise monitor's screen is of A588 steel. 
MONITOR 
LAYOUT 
Monitor 
I 
I 
I SSH I 
I 
I 
I SSC I 
I 
I 
Readings: 
MONITOR ID READING 
SSH (NO SALT) 
SSC (SALT #DAYS=84) 
P (NO SALT) 
Q (SALT #DAYS=84) 
36J (NO SALT) 
36F (SALT #DAYS=84) 
PLATES: ALL INSTALLED 1/6/90 
. 
p 36J 
Q 36F 
(millicoulombs) 
0.1 
0.1 
40.4 
346.2 
5.7 
275.5 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
NOTE: For plates, a "3" preceeding a letter indicates a 
plate of A36 steel, otherwise plate is of A588 steel. 
3GG 3HH 3II 3JJ CD E F MONITORS 3KK 3LL 3MM 3NN DD EE FF GG 
TIME IN SOLUTION 
{MINUTES) , 
Initial 
24 
3 
3 
PLATE DD: 
MASS (g) 
56.29000 
51.00800 
50.98560 
50.96915 
PLATE 3GG: 
MASS (g) 
58.79813 
51.49400 
51.47600 
51.46220 
Allowing for a base metal loss of 0.017 grams/ 3 minutes of 
time in solution the mass losses are as follows: 
Mass loss of DD= 5.15140 grams 
Mass loss of 3GG = 7.16913 grams 
SITE APPEARANCE: Plates show uniform heavy corrosion on top 
surface. On bottom surface greater corrosion is occurring 
near edges, with the corrosion getting progressively lighter 
as progress towards center. 
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BRIDGE NAME: 8 MILE@ LODGE DETROIT, MICHIGAN 
DATE: 06/30/90 END OF MONTH SIX f DAYS= 175 
(CONTINUED FROM LAST PAGE) 
REINSTALLMENT OF SIX PLATES: 
PLATE ID 
C 
D 
E 
3HH 
3JJ 
3MM 
NEW INITIAL MASS (g) 
55.32560 
59.00660 
62.23480 
59.73555 
56.60260 
60.84155 
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Appendix B 
Typical Data from Mountaintop, for A36 screen monitor 
MATERIAL DATE READING AREADING DAYS 
- .. --- .. -- ----- .. .. - -------- ..... ---------- - - - -
A36 05-24-89 .0 .0 0 
A36 05-31-89 1520.1 1520.1 7 
A36 06-05-89 3962.6 5482.7 12 
A36 06-12-89 7895.7 13378.4 19 
A36 06-19-89 8406.6 21785.0 26 
A36 06-26-89 3712.6 25497.6 33 
A36 07-03-89 1085.9 26583.5 40 
A36 07-10-89 3810.6 30394.1 47 
A36 07-17-89 2122.3 32516.4 54 
A36 07-24-89 3070.5 35586.9 61 
A36 07-31-89 2741.8 38328.7 68 
A36 08-07-89 2970.7 41299.4 75 
A36 08-14-89 5411.5 46710.9 82 
A36 08-21-89 4123.0 50833.9 89 
A36 08-28-89 2809.6 53643.5 96 
A36 09-04-89 3475.7 57119.2 103 
A36 09-11-89 .3 57119.5 110 
A36 09-21-89 8322.8 65442.3- 120 
A36 10-05-89 7086.2 72528.5 134 
A36 10-24-89 6699.9 79228.4 153 
A36 11-01-89 2693.7 81922.1 161 
A36 11-08-89 1399.9 83322.0 168 
A36 11-15-89 3113.9 86435.9 175 
A36 11-27-89 1695.7 88131.6 187 
A36 12-04-89 1718.8 89850.4 194 
A36 12-11-89 27872.6 117723.0 201 
A36 12-28-89 47462.7 165185.7 218 
A36 01-16-90 48015.9 213201.6 237 
• A36 02-06-90 43807.2 257008.8 258 
A36 02-14-90 2975.6 259984.4 266 
A36 02-28-90 7122.3 267106.7 280 
A36 03-26-90 58273.1 325379.8 306 
A36 04-20-90 18848.1 344227.9 331 
A36 05-14-90 17743.0 361970.9 355 
A36 06-04-90 7616.1 369587.0 376 
A36 07-09-90 499.6 370086.6 411 
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Appendix c 
Typical Plate Data, from a-Mile Road in Detroit, MI 
8-MILE@ LODGE--DETROIT, MICHIGAN STEEL PLATE DATA 
CORROSION PENETRATION OF PLATES 
A II ) II 
"A" --
"W" --
"D" --
"K" --
II C" -
-
CC" --
ID 
F 
3KK 
FF 
3NN 
E 
3MM 
D 
3HH 
C 
3JJ 
DD 
3GG 
before plate id indicates an A36 plate,otherwise A588 
Surface area of plate (square cm) 
Mass loss of plate (grams) 
Density of steel= 7.85 (grams per cubic centimeter) 
10000 (when units are used as specified) 
KW/AD (corrosion penetration per side in micrometers) 
(0.04)KW/AD (corrosion penetration per side in mils) 
DATES MONTH DAY A w C cc 
# # 
01/06/90 1 28 304.59 1.13060 4.73 0.189 
02/03/90 
01/06/90 1 28 308.35 1.26170 5. 21 0.208 
02/03/90 
01/06/90 2 56 304.34 1.80670 7.56 0.302 
03/03/90 
01/06/90 2 56 308.48 2.18718 9.03 0.361 
03/03/90 
01/06/90 3 91 304.47 3.49503 14.62 0.585 
04/07/90 
01/06/90 3 91 309.14 4.71453 19.43 0.777 
04/07/90 
01/06/90 4 119 301.27 3.76945 15.94 0.638 
05/05/90 
01/06/90 4 119 310.77 5.47180 .. 22.43 0.897 
05/05/90 
01/06/90 5 149 301.02 4.61388 19.53 0.781 
06/04/90 
01/06/90 5 149 309.02 6.58615 27.15 1.086 
06/04/90 
01/06/30 6 175 308.09 5.15140 21. 30 0.852 
06/3 0/90 
01/06/30 6 175 307.27 7.16913 29.72 1.189 
06/3 0/90 
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